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Abstract 
An abnormality of swallowing food or fluid, known as dysphagia is a major issue 
throughout the world. Thickened fluids are commonly used in the medical management of 
individuals who suffer dysphagia, allowing for better oral and pharyngeal coordination and 
increasing the cohesiveness of the fluid. This reduces the risk of aspiration associated with bolus 
fracture while swallowing. Thickened fluids have been used for many years in healthcare centres 
and at home to provide nutrition and hydration to individuals with dysphagia. However, it is not 
always easy to obtain the correct consistency of thickened fluids. Fluids that are too thin may result 
in pneumonia, while over-thickened fluids may result in aspiration due to residue possibly inhaled 
from pharyngeal stasis. Variabilities in the consistency of thick fluids can be due to type of 
thickeners, solid content, serving temperature and differences in dispersing media.  
In Australia the consistency of thickened fluids is routinely assessed by evaluating their flow 
characteristics through a fork. This method is subjective. Although, several more reliable measuring 
devices are available to measure the thickness of the fluid, these devices are not suitable for the 
application of dysphagia management. For example, a rheometer can be used to accurately measure 
the viscosity of the fluid, but this device is not affordable for the healthcare industry. In contrast, the 
Line Spread Test is an affordable device to measure the thickness of the fluid, but the current 
investigation found it was potentially unreliable as many factors may influence the results of the 
measurement.   
A study of the rheological and material property characteristics of thickened fluids is needed 
to understand the behaviour of these fluids to allow patients to receive a consistent level of 
thickened fluids. The development of objective measurement guidelines for the three levels of 
thickened fluids for the Australian National Standards and a suitable measuring technique is also 
needed. This project therefore had three main objectives: (a) to rheologically characterise the 
behaviour of thickened fluids, considering a wide range of thickeners, fluids and serving conditions, 
(b) to determine which rheological parameter(s) are important for the application of dysphagia 
management, and (c) to obtain design guidelines for a reliable, inexpensive measuring device to 
accurately measure the relevant rheological parameter(s) of thickened fluids for the application of 
dysphagia management.  
The rheological properties of thickened fluids were examined in shear deformation to 
observe the effect of temperature, pH, fluid components (e.g. protein, fat and minerals) and type of 
thickener on the rheological parameters of thickened fluids. The rheological properties of thickened 
fluids across four available commercial thickener products and a range of types of fluids were 
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characterised and compared. Studies confirmed significant variabilities in rheological parameters 
between thickener products and dispersing media. Furthermore, milk was examined as a specific 
case study and it was found that protein increased the equilibrium viscosity of the fluid, while the 
mineral content significantly slowed down the thickening process due to the ionic interaction 
between the mineral and the thickener. Extensional properties of the fluids were also measured 
which showed the effect of thickener and other fluid components on the cohesiveness and the 
extensional viscosity. The results from the rheological characterisation showed that shear viscosity, 
yield stress, extensional viscosity, surface tension, and cohesiveness are important parameters of 
thickened fluids for the application of dysphagia management.  
A Fluid Thickness Index (FTI) which combines shear viscosity and yield stress, is proposed 
to give a single relevant metric for the fluid’s effect in treating dysphagia. A blinded categorization 
of liquids of known shear viscosity was conducted with Australian clinicians to determine the 
clinically relevant ranges of thickness of the current Australian Standards for thickened liquids. As 
a result, three bands of fluid viscosity, measured at 50 s-1, with distinct intermediate band gaps were 
determined. Since yield stress was shown to be directly related to the viscosity of the fluid, the FTI 
can therefore be estimated by measuring just the viscosity of the fluid, given suitable fluid/thickener 
specific calibration. The methodology developed in this study provides a mechanism to determine 
the FTI of the fluid. Furthermore, the parameter sensitivity and limitations of currently available 
measuring devices, the Bostwick Consistometer, the Line Spread Test and the IDDSI flow test, 
were evaluated. It was found that the Bostwick Consistometer and Line Spread Test measurements 
were affected by parameters other than the viscosity of the fluid (yield stress or surface tension). On 
the other hand, the IDDSI flow test measurement was not affected by either surface tension or yield 
stress, but can only be used to measure fluids that have a thickness consistency of our clinician 
generated Australian Level 150 or lower.  
These experimental investigations of rheological and material property characterisation of 
thickened fluids, objective assessment ranges and sensitivity analysis of current measuring devices 
provide the information needed to allow for the design of a simple objective measuring device 
similar to the IDDSI flow test that is: (a) only sensitive to shear viscosity, (b) suitable for all types 
of thickener/fluid, (c) is able to measure all of the thickness levels that are used clinically for the 
management of dysphagia in Australia and (d) able to determine compliance with the appropriate 
standards. Development of a simple objective measuring device that is capable of meeting these 
four requirements could potentially make a positive and much needed contribution to the healthcare 
of many patients with dysphagia worldwide.  
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CHAPTER	1 	
 
1.1 Project Background 
Dysphagia is a medical condition where a person experiences difficulty in swallowing 
(Whelan, 2001, Logemann, 1998). Patients who suffer dysphagia are likely to reduce their dietary 
intake as a result of the condition which may in turn cause malnutrition and dehydration. Other 
concerns may include aspiration pneumonia and asphyxiation (Althaus, 2002, Atherton et al., 
2007).  Dysphagia is present as a symptom of many conditions, such as premature birth, cerebral 
palsy, Alzheimer’s disease and stroke (Althaus, 2002). Therefore, it affects individuals of all ages 
from infants to the elderly, with the majority of patients being the elderly who face swallowing 
difficulties due to illness, polypharmacy and weakened reserves. 
There are many ways to manage dysphagia, including the use of feeding tubes, swallowing 
therapy and thickened fluids (Cichero et al., 2013, The FOOD Trial Collaboration, 2005, Althaus, 
2002). However, feeding tubes are not recommended for long-term use because they carry a greater 
risk of complications (The FOOD Trial Collaboration, 2005). For long-term management, texture 
modification of foods and fluids play a major role in clinicians’ treatment (Leonard and Kendall, 
2013, Cichero et al., 2013). It has been reported that prescription of thickened fluids has become 
one of the most common recommendations made by clinicians to address the effects of dysphagia 
(Mills, 2008, Steele et al., 2014a). Thickened fluids flow slowly, allowing better oral and 
pharyngeal coordination and thus enhance safe swallowing (Reimers-Neils et al., 1994). 
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In 2007, the Dietitians Association of Australia and Speech Pathology Australia developed 
consensus standards for the number of levels and corresponding definitions of thickened fluids 
within the Australian context. There are three levels of fluid thickness prescribed in Australia at 
present: Level 150 – Mildly Thick, Level 400 – Moderately Thick, and Level 900 – Extremely 
Thick (Atherton et al., 2007). Ensuring thickened fluids have suitable rheological properties are an 
essential part of dysphagia management to promote safe swallowing. The patient may face serious 
consequences if the prescription is not followed (Atherton et al., 2007). Fluids that are too thin may 
be aspirated, potentially causing pneumonia. However, over-thickened fluids may result in 
aspiration due to residue possibly inhaled from pharyngeal stasis (Hind et al., 2012). Currently, the 
most economical and accessible method to determine the thickness of thickened fluids is by 
performing the ‘fork test’ as described in the current Australian Guidelines. This test relies on the 
user’s judgement to determine the fluid’s thickness. It was observed that both inter-subject and 
intra-subject variability is a major limiting factor for this test, demonstrating it is subjective and 
prone to human error. An objective assessment method is therefore desirable for patients to allow 
them to receive a consistent thickness of thickened fluids.  
Currently, several commercial pre-thickened fluids are available on the market; these are 
ready-to-drink fluids and have a long shelf life. However, patients who live at home often prefer to 
add a powdered thickener to their drinks to make thickened fluids. This is mainly because using a 
thickening agent offers greater diversity in flavour and may be less expensive compared to 
pre-thickened drinks (Nicholson et al., 2008). However, patients and carers have difficulty 
preparing thickened drinks to the correct thickness level. This is because there are many factors that 
affect the ability to reliably produce thickened liquids with a consistent level of thickness. These 
factors are: differences in thickening agent (Sopade et al., 2007, Sopade et al., 2008b, Garcia et al., 
2005) solids content of the liquid (Sopade et al., 2008a), serving temperature (Garcia et al., 2008), 
and differences in dispersing media (Sopade et al., 2007, Garcia et al., 2005, Nicholson et al., 
2008).  
Several low technology measuring devices are used by industry and clinicians to measure 
the thickness of the thickened fluids (e.g. Bostwick Consistometer, Line Spread Test). Although, 
these devices exist, they have not been carefully studied to determine their suitability for use with 
these types of fluids. For example, the Bostwick Consistometer (Endecotts Ltd., USA) is commonly 
used in the food industry to measure fluids such as tomato paste (Germain et al., 2006). However, it 
is not known if it is suitable for thickened fluids where potential errors in measurement could have a 
clinical impact on the patient. A high technology measuring device, such as a rheometer can be used 
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to accurately measure the thickness of the fluid, but this device is prohibitively expensive. Due to 
this and other limitations such as training requirements to use the device, cleaning and the time 
taken for measurements, the device is not suitable for the healthcare industry. Because of the 
absence of a cheap and reliable alternative, individuals with dysphagia and carers prepare thickened 
fluids just by following manufacturer’s guidelines without knowing whether the fluid has the right 
thickness consistency for the patients or not.  
1.2 Thesis Objective 
It is believed that a more complete understanding of the rheological properties of thickened 
fluids is important to prepare more consistent thickened fluids that meet the required thickness 
levels and thus enable safe swallowing (Cichero et al., 2000a). For example studies by Hind et al. 
(2012) show that fluids thickened to a viscosity 1500 mPa.s (measured at a shear rate of 50 s-1) are 
more likely to cause residue in the pharynx post swallow which leads to greater risk of aspiration. 
Several other authors have studied the rheological properties (e.g. viscosity, yield stress) of 
thickened fluids for dysphagia and their variability (Garcia et al., 2005, Sopade et al., 2007, Sopade 
et al., 2008a, Sopade et al., 2008b, Hanson et al., 2012). However, there are many other rheological 
properties that could be considered and are not well understood. It is still unclear which rheological 
parameter(s) of thickened fluids are the most appropriate metric. It is hypothesised that the study of 
rheology of thickened fluids will provide the information needed to develop an objective measuring 
device that is suitable for the application of dysphagia management. The ultimate objectives of this 
work were:  
a) To rheologically characterise the behaviour of thickened fluids, considering a wide range of 
thickeners, fluids and serving conditions to investigate what sort of differences are apparent, 
b) To determine which rheological parameter(s) are important for the application of dysphagia 
management by investigating the relationship between the rheological parameters of the 
thickened fluids and clinicians’ judgement of thickened fluids and  
c) To develop guidelines for a reliable, inexpensive measuring device, suitable for the 
end-users to accurately determine compliance, as understood by clinicians, with the relevant 
rheological parameter(s) of thickened fluids for the application of dysphagia management.  
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1.3 Thesis Outline 
Chapter 2 reviews the scientific literature of dysphagia, the swallowing mechanism, 
thickened fluids and measurement devices. General discussion of dysphagia and the treatment is 
initially studied. The swallowing mechanism of the adult swallow is also revised to determine 
swallowing parameters that significantly influence the safe transport of fluids from the mouth to the 
stomach. Lastly, the chapter focuses on the reviews of rheology of thickened fluids, such as the 
current Australian standardised terminology for thickened fluids, type of thickeners, factors 
affecting thickened fluids rheological characterisation of thickened fluids, and measuring 
techniques.  
Chapters 3 – 5 focuses on the rheological properties of thickened fluids in shear deformation 
to answer the question (a) above, using conventional shear rheology to characterise the fluids and 
explore the differences. Chapter 3 presents the rheology of a variety of drinks thickened by four 
different commercial thickener products. Then a comparison between commercial pre-thickened 
drinks and drinks hand prepared by adding thickener is made. Finally, the rheological behaviour of 
thickened barium sulphate, which is routinely used to diagnose swallowing disorders, was 
investigated. The study included measuring the thickening rate of the fluids to evaluate the required 
standing time prior to patients consuming the thickened fluids. 
Chapter 4 first investigates the effect of temperature and pH on the rheological parameters 
(viscosity and yield stress) of thickened water and then considers the rheological behaviour of 
thickened milk with different fat contents. The effect of these factors on the thickening rate of the 
fluids is also evaluated to find out the required standing time prior to patients consuming the 
thickened fluids.  
Chapter 5 explores in more depth the reasons for differing rheological behaviour using milk 
as a case study. This was chosen as milk is a fluid that is commonly served to patients, yet is one of 
the most complex fluids. This chapter investigates the effect of the milk components (protein, 
lactose and minerals) on the rheological behaviour of thickened milk.  
Chapter 6 explores further rheological metrics that could be significant for fluid design and 
measurement, focusing on the properties of thickened fluids in extensional deformation. The 
extensional viscosity and the cohesiveness of the fluids were measured and the importance of these 
parameters in swallowing were analysed. Additionally, the surface tension of thickened fluids at 
different thickener concentrations was determined.  
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Chapter 7 observes whether differences in the viscosity and surface tension of the fluid 
influence decision-making regarding the thickness of the fluid according to the ‘fork test’ 
assessment. This chapter provides a methodology to answer the question (b) above, using blinded 
surveys of a group of clinicians and lay-people to determine empirically informed viscosity ranges 
to give quantitative measures that are clinically relevant for the Australian Fluid Thickness 
Standards. A suggested method to include other rheological metrics in the assessment of 
compliance to the standards was also developed.  
Chapter 8 illustrates the processing behaviour of thickened fluids in a physical model of the 
human throat. The effect of swallowing parameters, other than the bolus’ properties such as tongue 
pressure and bolus volume were evaluated. The effect of these parameters on the bolus transit time 
and the residues left in the pharyngeal space during swallowing was observed. 
Chapter 9 evaluates the parameter sensitivity and limitations of currently available low 
technology measuring devices: the Bostwick Consistometer, the Line Spread Test and the IDDSI 
flow test. The effects of viscosity, yield stress and surface tension on the measurement and the 
reliability of these devices are examined.  
Chapter 10 consists of conclusions of the project and recommendations for future work. One 
of the major outcomes of this project, the key design principles of a simple objective measuring 
device that can be used to measure the thickness of thickened fluids that is suitable for the 
application of dysphagia management, is highlighted in this chapter. The last part of the chapter 
discusses future work that needs to be performed on the rheology of thickened fluids, Australian 
fluid thickness standards and the proposed measuring device.  
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CHAPTER	2 	
 
2.1 Introduction 
This chapter will examine each area of interest of this thesis. This includes dysphagia, 
swallowing mechanisms, rheology of thickened fluids in shear and extensional deformation and the 
factors that influence the behaviour of thickened fluids. The current techniques to measure the 
thickness of the fluids are also reviewed.  
2.2 Swallowing Mechanisms 
Swallowing is an extremely complex neuromuscular interaction in the human body 
(Domenech and Kelly, 1999). The oropharyngeal swallow mechanism is comprised of several 
behaviours that change depending on bolus characteristics (e.g. viscosity). The oral phase is under 
voluntary control, however, the pharyngeal phase is not (Logemann, 2007). The literature about 
human swallowing had been reviewed to fully understand the swallowing mechanism and 
determine which rheological parameter(s) are relevant for swallowing and specifically for 
dysphagia management.  
2.2.1 Stages of Swallow 
Swallowing can be divided into three stages: the oral stage, pharyngeal stage and 
oesophageal stage (Domenech and Kelly, 1999, Logemann, 2007). The Oral stage is under 
voluntary control and involves oral preparation such as chewing or control of a fluid bolus and oral 
transit of the bolus out of the mouth and into the pharynx. The Pharyngeal stage is reflexive and 
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carries the bolus from pharynx to the oesophagus. At this point, the airway is protected and 
breathing briefly stops during the swallow. Finally, the oesophageal stage is the last stage of 
swallowing, and carries the bolus from the cervical oesophagus to the stomach (Domenech and 
Kelly, 1999). The whole swallowing process involves four valves and twenty-nine muscle pairs and 
all of these valves operate rapidly in the course of 2 – 3 seconds as the bolus leaves the mouth and 
moves through the pharynx to the oesophagus (Logemann, 2007, Domenech and Kelly, 1999). 
2.2.1.1 Oral Stage 
Food is prepared in the oral stage by chewing and manipulating the bolus to break it down to 
a texture and particle size that is swallow-safe and uses the tongue to propel it through the mouth 
(Domenech and Kelly, 1999). For fluids, the tongue has a role in collecting and controlling the 
bolus in the oral cavity until it is time to initiate a swallow reflex. For thick fluids, the tongue is able 
to perceive the viscosity of the bolus with sensory receptors, sending information to the brain stem 
and cortex regarding the need for additional mastication or manipulation of the material 
(Logemann, 2007). The tongue has intrinsic and extrinsic muscles, with the intrinsic muscle 
oriented longitudinally or transversely, enabling it to apply variable pressure to the tail of the bolus. 
The amount of pressure generated during swallowing increases up to 45% for healthy swallow as 
the bolus becomes thicker (total pressure ~20 kPa) (Steele et al., 2014b). The oral phase takes about 
1 – 2 seconds for fluids, but may take slightly longer (a delay of 0.5 – 1 s) with advancing age 
(Logemann, 2007). 
2.2.1.2 Pharyngeal Stage 
The pharyngeal phase of the swallow is an event that orchestrates a complex series of 
muscle contractions to close air space in the oral cavity, nasopharynx, and larynx while 
simultaneously generating pressure gradients to move a bolus from the posterior oral cavity to the 
cervical oesophagus (McCulloch et al., 2010). The first valve that the bolus flows past is the 
velopharyngeal valve. It is designed to direct food into the pharynx and prevent food from entering 
the nose. The second valve is the base of tongue that drives the bolus through the pharynx by 
generating pressure while the pharyngeal muscle walls move in a squeezing action towards the 
tongue base to further propel the tail of the bolus downward (Meng et al., 2005, Nicosia and 
Robbins, 2001). The third valve separates the pharynx from the larynx (via vocal fold closure and 
epiglottic inversion). It ensures the bolus remains in the pharynx and enters the oesophagus but does 
not enter the trachea. The closure of the larynx assists the bolus to pass safely into the oesophagus 
(Logemann, 2007). This valve often operates at a slower rate for people who suffer dysphagia. As a 
result, the bolus may enter the lungs and cause aspiration (Logemann, 2007). . Finally, the fourth 
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valve is Upper Oesophageal Sphincter (UES). The sphincter is closed during respiration to prevent 
air from entering the oesophagus. It is opened as the larynx lifts upwards and forward during 
swallowing and then closes again at the completion of the swallow as the larynx returns to rest. The 
pharyngeal stage most often lasts for one second in healthy individuals, regardless of bolus type 
(Logemann, 2007).  
2.2.1.3 Oesophageal Stage 
In healthy individuals the bolus moves efficiently from the cervical oesophagus to the 
stomach by a peristaltic wave influenced by the brain stem and intrinsic myenteric plexus 
(Domenech and Kelly, 1999). The duration of the oesophageal stage is more variable and bolus 
dependent, lasting approximately 8 – 10 seconds (Logemann, 2007).  
2.3 Dysphagia 
Dysphagia is defined as a mechanical disorder that affects safety, efficiency, and/or quality 
of eating and drinking (Whelan, 2001, Logemann, 1998). It is a serious disorder as it contributes to 
reduced dietary intake, and thus potentially malnutrition, aspiration, and asphyxiation (Logemann, 
1998, Atherton et al., 2007, Vivanti et al., 2009). Dysphagia can be further specified as being 
oesophageal dysphagia and oropharyngeal dysphagia. Oesophageal dysphagia occurs when food or 
fluid stops in the oesophagus, whereas oropharyngeal dysphagia occurs when a person has difficulty 
moving food to the back of the mouth to be swallowed and/or through the pharynx and safely past 
the airway (Althaus, 2002). Both dysphagia are serious conditions and need to be treated 
intensively. This thesis refers to oropharyngeal dysphagia where the stages that are most often 
altered are the oral and the pharyngeal stage. 
Dysphagia can be life-threatening as noted by Ferraris et al. (2001) reporting of death from 
respiratory arrest secondary to oropharyngeal dysphagia and presumably aspiration. Dysphagia can 
occur due to a range of medical conditions, including premature birth, cerebral palsy, Alzheimer’s 
disease, cancer of the oesophagus, Parkinson’s disease and stroke (Althaus, 2002, Vivanti et al., 
2009). It affects individuals of all ages (Whelan, 2001, Saigal and Doyle, 2008), but commonly with 
the elderly where their swallowing difficulty arises due to illness, polypharmacy and weakened 
reserves (Barczi et al., 2000, Cabre et al., 2010). 
It has been reported that dysphagia affects approximately 20% of the adult primary care 
population in the USA (Wilkins et al., 2007). Approximately 15% to 30% of hospital patients have 
swallowing difficulties or aspirate oral contents (Cichero et al., 2009, Altman, 2011). This shows 
that dysphagia has become a major issue throughout the world. In fact, dysphagia has been reported 
Chapter 2 
 
10 | P a g e  
 
to affect approximately 8% of the world’s population (Cichero et al., 2013). Vivanti et al. (2009) 
reported that up to 80% of patients with medical conditions such as stroke suffer from dysphagia. 
Furthermore, acute care patients with dysphagia have to be hospitalised for much longer than 
patients without dysphagia (Altman et al., 2010).  
 
Figure 2.1: Diagram of Oropharyngeal Dysphagia (adapted from Stroke Network (2011)) 
Individuals with oropharyngeal dysphagia often have a longer oral transit time (5 – 10 
seconds) and pharyngeal transit time (> 3 seconds) than healthy individuals (Mann, 2002). 
Disorders of muscle strength, coordination or ability for the person to sense residue can all 
contribute to longer or disordered oral and pharyngeal phases. Swallowing is also influenced by a 
variety of characteristics, including the material of the bolus (i.e. volume, viscosity). As the volume 
increases, the duration and width of opening of the upper oesophageal sphincter increases 
systematically. Thus, the duration of opening is increased with a larger volume bolus (Logemann, 
2007). Kendall et al. (2001) suggested that taking smaller volumes of viscous liquids could be the 
key to safer swallows.  
2.3.1 Treatment 
In Australia, patients are assessed for oropharyngeal dysphagia by the speech pathologist 
using a clinical examination. Following the clinical examination, some patients are then referred for 
further studies using videofluoroscopic swallow study (VFSS) to determine the nature and extent of 
oropharyngeal dysphagia (Hind et al., 2012, Cichero et al., 2000b). During VFSS patients are asked 
to swallow liquids of varying thickness levels with barium added. Barium is used due to its 
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opaqueness, allowing the fluid to be monitored during the radiographic examination (Hind et al., 
2012). Sometimes patients are also assessed with foods with added barium. This discussion will 
focus on liquids. The VFSS is not used only to diagnose dysphagia, but also to verify the immediate 
treatment when recommending a diet (Hind et al., 2012).  
There are many ways to manage dysphagia, including feeding tubes, swallowing therapy 
and texture modification of foods and thickened liquids (The FOOD Trial Collaboration, 2005, 
Cichero et al., 2013, Althaus, 2002). Although feeding tubes can be used to provide nutrition while 
recovering the ability to swallow, it is not recommended for long-term use because it carries a great 
risk of complications, such as skin infection and/or internal bleeding (The FOOD Trial 
Collaboration, 2005). Swallowing therapy can improve the swallowing ability of dysphagia patients 
(Poertner and Coleman, 1998). The therapy involves swallowing postural techniques (e.g. chin tuck, 
chin up, head rotation) and swallowing manoeuvres (e.g. multiple swallow, effortful swallow) 
(Poertner and Coleman, 1998, McCulloch et al., 2010).  
For long term treatment, texture modification of foods and fluids play a major role in 
clinicians’ treatment (Leonard and Kendall, 2013, Cichero et al., 2013, Hanson et al., 2012b, Steele 
et al., 2015). Interestingly, some dysphagia patients are able to manage a normal diet but are unable 
to swallow thin fluids (Penman and Thomson, 1998). Studies have shown that the transport of food 
or fluid boluses can be significantly affected by the viscosity of the bolus. An increased viscosity of 
the bolus results in slower transit time, giving the patient a longer time to prepare for the onset of 
the pharyngeal swallow and to engage airway protective mechanisms and thus enhance safe 
swallowing (Logemann, 2007). Safe swallowing is defined as food or fluid entering the oesophagus 
without aspirating.  
It has been reported that there is inconsistency between the viscosity of thickened barium 
used for VFSS and thickened fluids that have been thickened by speech and language pathologists 
(Cichero et al., 2000b, Cichero et al., 2000a). Strowd et al. (2008) reported that there was a poor 
relationship between the viscosity of commercial thickened barium and commercial thickened 
fluids. The viscosity of thickened barium is significantly higher than the viscosity of thickened 
fluids at the same amount of thickener concentration (Popa Nita et al., 2013, Baron and Alexander, 
2003). Additionally, it was reported that the time required to reach equilibrium viscosity for 
thickened barium is significantly longer than barium-free thickened fluids, with thickening reported 
to continue for 4 hours following mixing with barium (Popa Nita et al., 2013). These rheological 
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differences can place patients at significant risk for uncontrolled aspiration as the liquid that is 
being assessed is not of the same consistency as the liquid that is being consumed at meal times.   
2.4 Important Swallowing Parameters 
As noted above, there are three stages of swallowing and there are a number of parameters 
that influence safe bolus transport from the mouth to the stomach (Glassburn and Deem, 1998, 
Nicosia and Robbins, 2001, Pelletier, 1997). These parameters are velocity of the bolus (Hara et al., 
2011), bolus’ characteristics (e.g. viscosity, density) (Sopade et al., 2007), tongue pressure (Nicosia 
et al., 2000, Steele et al., 2014b), and volume of the bolus (Dantas et al., 1990). 
2.4.1 Tongue Pressure 
Tongue pressure generated plays a significant role in swallowing. The tongue is required to 
generate enough pressure to propel the bolus through the mouth in the oral stage. During swallow 
initiation the tongue base and pharyngeal walls move towards each other, making contact when the 
tail of the bolus reaches the tongue base. This ensures that pressure generated by the valving of the 
tongue and pharynx is exerted on the bolus tail to push it into the pharynx (Logemann, 2007). It has 
been found that the normal tongue pressure required for swallowing water is approximately 15 kPa 
and approximately 20 kPa of pressure is required to swallow thickened fluids (Steele et al., 2014b, 
Yoshioka et al., 2004). It has previously been demonstrated that more tongue pressure is required to 
swallow thickened fluids (Steele et al., 2014b).  
Furthermore, older adults (over 50) generate less tongue pressure compared to young adults 
(under 50) (Todd et al., 2013, Steele et al., 2014b). The maximum tongue pressure that can be 
generated by an older adult is approximately 60 kPa, whereas maximum tongue pressure that can be 
generated by young adults is approximately 80 kPa (Yoshioka et al., 2004). Note, however, that 
maximum tongue strength is not used during swallowing. Additionally, in a different study it has 
been shown that the maximum tongue strength for older adults who aspirate was significantly lower 
than elderly adults who do not aspirate (36 kPa vs. 43 kPa) (Butler et al., 2011). It was reported that 
the tongue pressure for individuals with dysphagia is less than those of healthy individuals 
(6.8 kPa vs. 9.9 kPa) (Konaka et al., 2010).  
2.4.2 Velocity of the Bolus 
As has been mentioned above, individuals with dysphagia have a longer swallowing time, 
particularly in the pharyngeal stage than healthy individuals. By decreasing the velocity of the bolus 
in the pharynx, the pharyngeal transit time of the bolus increases, thus giving more time for the 
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bolus to enter UES. This can be done by increasing the viscosity of the bolus and/or decreasing the 
volume of the bolus when swallowing (TASHIRO et al., 2010, Dantas et al., 1990). It was shown 
that higher viscosity of the bolus significantly reduced the bolus velocity (ClavÉ et al., 2006).  
It had been reported that the velocity of the bolus increases as the volume of the bolus is 
increased. A 5 mL bolus was observed to travel at 15 cm/s, while a 20 mL bolus was observed to 
travel at 50 cm/s (Logemann, 1998, Ekberg et al., 1988). At this velocity, the wall shear rate during 
swallowing is approximately 1 - 100 s-1 (Borwankar, 1992, Christensen, 1984, Elejalde and Kokini, 
1992) and is affected by age and other factors (Sopade et al., 2007). Several studies selected a shear 
rate of 50 s-1 for rheological measurements (e.g. viscosity) as this value is within the expected range 
of shear rates of swallowing and is used to allow for comparison of studies (Popa Nita et al., 2013). 
It was reported that the velocity of swallowing for dysphagic swallows was significantly lower than 
for healthy swallows (20 cm/s vs. 35 cm/s) (ClavÉ et al., 2006, Rofes et al., 2010). This was 
expected as the amount of tongue pressure generated by dysphagic swallow is significantly lower 
than that generated during a healthy swallow.   
2.4.3 Bolus’ Characteristics 
It is believed that the bolus characteristics significantly influence the transport of a food or 
liquid bolus during swallowing (Hanson et al., 2012b, Logemann, 2007, Dantas et al., 1990). With 
respect to food texture, the literature shows properties of hardness, cohesiveness and slipperiness as 
being relevant both for physiological behaviours and bolus flow patterns (Steele et al., 2015). It had 
been reported that viscosity is an important feature of thickened drinks for dysphagia therapy 
(O'Leary et al., 2010). Viscosity describes the fluid’s thickness, and more specifically its resistance 
to flow (Rao, 1977). It had been shown that higher viscosity slowed down the flow of the bolus in 
the pharynx (Dantas et al., 1990, Miller and Watkin, 1996), thus led to longer transit time in the 
pharynx (ROBBINS et al., 1992). Although thickened fluids flow more slowly through the pharynx, 
this increases the time the airway must remain closed. However, other properties of thickened 
fluids, for example yield stress to initiate flow, and bolus cohesion also need to be considered.  
Fluids used in dysphagia management are generally non-Newtonian with an apparent yield 
stress. Yield stress of the bolus has been proposed as potentially relevant for swallowing (Cho et al., 
2012, Popa Nita et al., 2013) and it had been shown to correlate well with the viscosity of thickened 
fluids used for dysphagia management (Payne et al., 2012). It is hypothesised  that the total amount 
of tongue pressure required to initiate flow of the fluid, whilst primarily being determined by the 
viscous stresses at typical shear rates, may also be affected by the yield stress.   
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Similarly, density of the bolus is a key parameter for the bolus flow equation and has 
previously been used in modelling the mechanism of swallowing and therefore may also play an 
important role in swallowing (Sopade et al., 2008a). Bolus density is a particularly important 
parameter for the barium thickened fluids. Dantas et al. (1989) reported in healthy individuals that 
high-density barium (2.5 g/cm3) fluid had a slower oral and pharyngeal bolus transit time than 
low-density barium fluid (1.4 g/cm3), causing a lower bolus flow rate (20 ml/s vs. 24 ml/s for 10 ml 
swallow), later sphincter opening and closure and longer duration of sphincter opening and flow.   
Furthermore, Cichero and Murdoch (2006) reported that cohesiveness of the bolus is 
important for safe swallowing (does not aspirate) for people with dysphagia. Less cohesive fluids 
(e.g. water) tend to fracture if not swallowed efficiently, because of reduced intermolecular 
attraction of the elements of the fluid, which may cause aspiration. Additionally, there is also a risk 
that some of the bolus may get caught in the pharynx as residue and thus multiple swallows are 
required for the individuals to clear residue. Multiple swallows to clear the residue may result in 
muscle fatigue and increase the likelihood of aspiration after the swallow due to a lack of 
coordination between breathing and swallowing (Cichero and Murdoch, 2006). However, limited 
literature can be found about the cohesiveness of thickened fluids for dysphagia (Peyron et al., 
2011).  
2.4.4 Volume of the Bolus 
It is known that volume of the bolus significantly influences different aspects of swallowing 
timing and coordination. (Dantas et al., 1990) stated that there is no significant effect of bolus 
volume for thin fluids on the pharyngeal transit time (bolus tail at fauces to closure of UES). 
Similarly pharyngeal clearance times (entry of bolus head into the oropharynx until bolus tail 
reached UES segment) remain roughly the same regardless of the bolus volume (Tracy et al., 1989, 
Dantas et al., 1990). However, the volume of the bolus plays an important role in the timings of the 
muscle movements in the oral and pharyngeal phases, as well as the duration and width of opening 
of the UES (Kahrilas, 1993, Logemann, 2007).  
It was found that the average volume of a single mouthful for healthy swallowing of an adult 
is 21 mL (Adnerhill et al., 1989), however, during natural drinking situations the bolus volume is 
approximately 10 – 12 mL (Macrae et al., 2011). At higher fluid temperatures, the volume that is 
consumed is approximately 5 – 15 mL (Longman and Pearson, 1987). A 5 mL bolus is commonly 
selected in research paradigms as it represents a volume similar to the restricted volumes for 
dysphagic patients (McCulloch et al., 2010). 
Literature Review 
 
15 | P a g e  
 
2.5 Thickened Fluids 
The use of thickened fluids is the most recommended treatment by clinicians. This is due to 
low cost and ease of implementation (Mills, 2008). However, studies showed that there are some 
issues regarding the use of thickened fluids as part of dysphagia management (Althaus, 2002, 
Altman et al., 2010, Mills, 2008).  
It is important for individuals with dysphagia to consume thickened fluids with the right 
thickness consistency. The individual may face serious health consequences if the wrong level of 
thickness is consumed as a fluid that is too thin may result in aspiration and overly-thickened fluids 
could become a choking risk (Atherton et al., 2007, Garcia et al., 2010). It is acknowledged that 
while there is currently not enough quality research to recommend therapeutic thickness levels 
(Steele et al., 2015), there are many other areas of variability that must be addressed.  
One of the major issues in using thickened fluids is that the preparation of thickened fluids 
lacks “repeatability”. People at home and in the healthcare centre struggle to make thickened fluids 
that consistently and reliably meet the required level of thickness (Althaus, 2002). Garcia et al. 
(2010) reported that almost half of health carers failed to produce thickened fluids comparable with 
the standard descriptors used for thickened fluids in the US. Moreover, it was reported that 
twenty-three speech-language pathologists who had experience with thickening liquids for 
dysphagia evaluations were not consistent in their attempts to thicken liquids (Glassburn and Deem, 
1998). This is because there are many factors that affect the ability to reliably produce thickened 
liquids with a consistent thickness level (Pelletier, 1997, Mills, 2008). These factors include a lack 
of knowledge about preparing thickened fluids, (Rosenvinge and Starke, 2005), differences in the 
behaviour of thickening agents (Sopade et al., 2007, Sopade et al., 2008a, Sopade et al., 2008b, 
Garcia et al., 2005), solids content of the liquid (Sopade et al., 2008a) and differences in dispersing 
media (Sopade et al., 2007, Garcia et al., 2005, Nicholson et al., 2008) amongst other parameters. 
These factors that affect the material property and rheological characteristics of thickened fluids 
will be further discussed in Section 2.5.4.  
It was suggested that an objective measurement device for thickened fluids needs to be 
utilised for health care facilities and at home in order to provide improved safety for patients with 
dysphagia (Kim, 2007). Although several measuring devices are available for quantifying the 
thickness of thickened fluids, none of them are ideally suitable for application in dysphagia 
management. They are either not affordable (e.g. rheometer) or not reliable (e.g. Line Spread Test) 
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(O'Leary et al., 2010, Nicosia and Robbins, 2007, Kim, 2007). The current available measuring 
techniques for thickened fluids will be further discussed in section 2.5.6. 
It has also been reported that inconsistencies in labels and terminology of thickened fluids 
affects patient safety. This was an issue in Australia prior to 2007 where the viscosity of thickened 
fluids offered at different hospitals that should have been comparable were demonstrated to be 
significantly different (Cichero et al., 2000b). The Australian standards and terminology for 
thickened fluids will be further discussed in Section 2.5.1. 
The hydrating capabilities of thickened fluids have also been questioned. There was 
disbelief that the water present in the thickened fluid would be available for release into the 
patient’s system as useable fluid. The hypothesis was that a significant portion of water remains 
bound to the molecules of thickener and therefore, the patients are required to drink significantly 
more thickened fluid to achieve the hydration requirement (Mills, 2008). However, Sharpe et al. 
(2007) showed that 95% of the available water, regardless of the thickening agent, is released to the 
subject’s system (rats and humans) within 60 minutes. This is equivalent to the bioavailability of 
unthickened water. Furthermore, it has been reported that all thickeners supress the main flavour of 
the base beverages and impart slight off-flavours (e.g. bitter, sour) in some beverages (Matta et al., 
2006). The taste of thickened fluids was judged to be poor regardless of the time since preparation, 
desired thickness, brand of thickener and dispersing media (Pelletier, 1997). Matta et al. (2006) 
reported that starch based thickener imparted a starchy flavour and grainy texture, whereas gum 
based thickener gave added slickness to the beverages. These characteristics may result in patients 
consuming less fluid, which potentially leads to dehydration.  
2.5.1 Standardised Terminology for Thickened Fluids  
In Australia, prior to national standardisation, grades of one, two and three were commonly 
used descriptors. However, some institutions used one to represent the least thickened and three the 
most thickened whilst others used these numbers in reverse order, causing concerns for patient 
safety. In addition, the terms ‘Quarter thick’, ‘Half thick’ and ‘Full thick’ amongst many other 
labels were previously used in Australia to describe the thickness of the fluid (Atherton et al., 
2007).  
In 2007, the Dietitians Association of Australia and The Speech Pathology Association of 
Australia Limited supported a project that developed consensus standards for the number of levels, 
labels and definitions of thickened fluids and texture-modified foods within the Australian context. 
They determined three levels for texture modified foods (Texture A – Soft, Texture B – Minced and 
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Moist and Texture C – Smooth Pureed) and three levels for thickened fluids (Level 150 – Mildly 
Thick, Level 400 – Moderately Thick and Level 900 – Extremely Thick) (Atherton et al., 2007). 
The numbers 150, 400 and 900 were introduced along with the descriptions of thickness (mildly, 
moderately, extremely thick) and colours of labels. The standards clearly show increasing numerical 
values associated with increasing viscosity, although no information is provided about the choice of 
these numbers (Atherton et al., 2007). Atherton et al. (2007) stated that confusion regarding food 
textures and labels was recorded as a contributing factor in the death of a South Australian nursing 
home resident. Table 2.1 summarises the details and characteristics for three levels of thickened 
fluids in Australia. These standards have been adopted by several food companies that produce 
thickening agents or pre-thickened fluids in Australia, such as Nestlé, Trisco Foods and Flavour 
Creations. Queensland Health Dietitians (2007) have adopted the use of the Australian terminology 
in Queensland and concluded that it should be used for all products and in the state’s healthcare 
centres. 
Table 2.2 summarises the terminology that is used to describe thickened fluids for use in 
dysphagia management in different countries. From Table 2.2, note that it is only the USA and 
Japan that provide rheological measures (viscosity range at 50 s-1 at 25°C) in the description of the 
standardised levels for the thickened fluids. It can be seen that there are no rheological measures 
recommended in the Australian guidelines. Note that only qualitative assessment can currently be 
used in Australia, the UK and Ireland to measure the thickness of the drink.  
Jukes et al. (2012) noted the difficulties associated with the measurement of thickened 
liquids using the Australian standards as they rely on subjective assessment of flow through a fork. 
Thickened fluids measured in this way may result in inconsistencies in the thickness of the fluids 
provided and may endanger patients. One way to provide more precise measurements would be to 
determine the rheological characteristics at a specific shear rate for the different levels of thickened 
fluids currently in use in Australia. Having specified viscosity ranges will enable the development 
of more accurate methodologies to assess compliance, whether a liquid fits within a thickness 
category which is understood by the clinicians, to the standardised levels. Such viscosity ranges 
have been determined in USA and Japan (see Table 2.2) where the viscosity ranges have been 
measured at shear rate of 50 s-1 at 25°C. The shear rate of 50 s-1 was chosen as a reasonable order of 
magnitude with respect to in-mouth handling of the bolus (Popa Nita et al., 2013). However, the 
scale in USA is believed to be too broad which might lead to confusion for patients and also a 
problem for manufacturer’s to stay within levels to produce products close to the cut off points. For 
instance, a fluid that has a viscosity of 400 cP at 50s-1 is considered to be in the same level as that of 
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a fluid with a viscosity of 1700 cP at 50s-1 (cP = mPa.s (SI Unit)). On the other hand, a fluid that 
has a viscosity of 1700 cP at 50s-1 is considered a different level with a fluid that has a viscosity of 
1800 cP at 50s-1. Furthermore, the viscosity range of ‘Spoon-thick fluids’ should not be prescribed 
as >1750 cP, because greater than 1750 cP has no limit.  Similarly, the standards in Japan do not 
have band gaps to differentiate between levels, thus a similar problem is observed as the one in the 
USA. However, the Japanese guidelines do have an upper limit for Extremely Thick fluids. A 
smaller viscosity range should be defined to avoid this confusion and a distinct band gap to 
differentiate between levels should be introduced. Currently, there are no studies to show how many 
different levels of thickened fluids are needed for dysphagia management although a review of 
national terminologies typically shows three different thickness levels in addition to regular fluids 
(Atherton et al., 2007, National Dysphagia Diet Task Force, 2002, Gatehouse, 2011, Ministry of 
Health and Labour and Welfare, 2009). 
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Table 2.1: Australian standardised labels and definitions of thickened fluids (Atherton et al., 2007). 
 Unmodified Level 150 
Mildly Thick 
Level 400 
Moderately Thick 
Level 900 
Extremely Thick 
Details Various thickness, do not 
have thickening agents 
Thicker than naturally thick 
fluids 
Similar to the thickness of 
honey at room temperature 
Similar to the thickness of 
pudding 
Flow Rate Very fast – fast flow Steady – fast flow Slow flow No Flow 
Characteristics Drink through any type of 
cup, straw as appropriate for 
age and skills 
Pours quickly from a cup, but 
slower than unmodified 
May leave a coating film of 
residue in the cup after being 
poured 
Effort required to drink from 
standard straw 
Cohesive and pours slowly 
Possible to drink from cup, 
but flows slowly 
Difficult to drink using a 
straw 
Spoon is the best method to 
drink it 
Cohesive and holds its shape 
on a spoon 
Not possible to drink from 
the cup 
Not possible to drink using a 
straw 
Spoon is the optimal method 
to drink it 
Testing Information N/A Fluids run fast through the 
prongs of a fork, but leave a 
mild coating 
Fluids slowly drip in dollops 
through the prongs of a fork 
Fluids sit on and do not flow 
through the prongs of a fork 
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Table 2.2: Summary of terminology used to describe thickened fluids in Australia (Atherton et al., 2007), USA (National Dysphagia Diet Task Force, 2002), UK (Gatehouse, 2011), Irish (Irish 
Nutrition and Dietetic Institute, 2009) and Japan (Ministry of Health and Labour and Welfare, 2009). 
Australia USA* UK Irish Japan* 
Regular fluid Thin (1 – 50 cP) Normal Fluids Regular fluid 
 
- - - Grade 1  Very Mildly Thick - 
Level 150  
Mildly Thick 
Nectar – like fluids  
(51 – 350 cP) 
Mildly Thick 
(nectar/Stage1) 
Grade 2  
Mildly Thick 
Mildly Thick 
(50 – 150 mPa.s) 
Level 400  
Moderately Thick 
Honey – like fluids  
(351 – 1750 cP) 
Moderately Thick 
(honey/Stage2) 
Grade 3  
Moderately Thick 
Moderately Thick 
(150 – 300 mPa.s) 
Level 900  
Extremely Thick 
Spoon – thick fluids  
(>1750 cP) 
Extremely Thick 
(pudding/Stage 3) 
Grade 4   
Extremely Thick 
Extremely Thick 
(300 – 500 mPa.s) 
Note: *All measurements are at the shear rate of 50 s-1 at 25°C. 1cP = 1 mPa.s.
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2.5.2 Pre-thickened fluids 
Currently, several commercial pre-thickened fluids are sold on the market; these are 
ready-to-drink fluids with a long shelf life. However, patients who live at home often prefer to add 
thickening agents (e.g. powdered thickener) to their drinks to make thickened fluids. Apart from 
offering greater diversity in flavours, using a powder instead of pre-thickened drinks is more 
cost-effective (Nicholson et al., 2008). 
McCormick et al. (2009) reported that the fluids consumed in pre-thickened form were 
found to be more healthy in comparison with drinks thickened with powdered thickener. This is 
because patients taking fluid with thickener added were less likely to consume nutritious fluid such 
as milk. However, it should be noted that pre-thickened fluid has a limited number of flavours 
available (e.g. water, cream/milk, juice), whereas all liquids, including alcoholic beverages, both 
hot and cold can be thickened with powder thickener (Penman and Thomson, 1998), thus more 
variation of fluid selection and nutrition intake can occur. Table 2.3 highlights the advantages and 
disadvantages of pre-thickened fluids and added thickener.  
Table 2.3: Advantages & disadvantages of pre-thickened fluid and added thickener (Nicholson et al., 2008) 
Pre-Thickened Fluid Added Thickener 
Advantage Disadvantage Advantage Disadvantage 
Preparation is not 
required and ready to 
drink 
Expensive 
Inexpensive and more 
economical than pre-
thickened fluid 
May have difficulty 
mixing the drink to the 
correct thickness level 
Refrigeration is not 
required until they are 
opened 
Limited number of 
fluids available 
Can be mixed with any 
fluids, including 
alcohol and carbonated 
drink 
Drinks that have been 
mixed only last 1 - 2 
days in the fridge  
Long-shelf life  
(+ 24 months)    
2.5.3 Type of Thickener 
There are many different brands of thickener for dysphagia available in the market (See 
Table 3.1 for more details). These thickeners use different ingredients to increase the viscosity of 
the fluids. For example, Resource ThickenUp® Clear from Nestlé has xanthan gum and 
maltodextrin as the effective ingredients, while other thickeners, such as Nutilis from Nutricia has a 
combination of modified maize starch, tara gum, xanthan gum and guar gum as the main 
ingredients. As it has been mentioned previously, different thickening agents affect the thickening 
behaviour of thickened fluid (Sopade et al., 2007, Sopade et al., 2008a, Sopade et al., 2008b, Garcia 
et al., 2005).  
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Each ingredient has different behaviour and characteristics, therefore fluids thickened with 
different types of thickener might result in different rheological behaviours. For example, xanthan 
gum has different rheological behaviour and characteristics than guar gum, even though they both 
are hydrocolloids (Sopade et al., 2007, Sworn and France, 2009).  
It is known that the addition of thickeners to fluid affects the perception of flavours due to 
the increase in viscosity and in some instances the binding of the flavour compound by the 
polysaccharide (i.e. thickener) (Matta et al., 2006). Patients may also experience differences in 
mouth feel characteristics depending on the base thickeners they consume (Sopade et al., 2008b). 
2.5.3.1 Xanthan gum 
Xanthan gum is a long chain polysaccharide composed of the sugars glucose, mannose and 
glucuronic acid. It is a slimy gel produced by the bacterium Xanthomonas Compestris through the 
process of fermentation (Palaniraj and Jayaraman, 2011, Sworn and France, 2009). It is commonly 
used as a thickener in sauces and as an agent in ice cream to prevent ice crystals from forming. It 
can also be used as a fat substitute that adds the ‘mouth feel’ of fat without the calories (Katzbauer, 
1998).  
When xanthan gum is mixed with water, viscosity is built through the development of a 
colloidal network, based on intermolecular hydrogen bonding among the xanthan gum molecules, in 
addition to limited polymer entanglement. This network of polymer entanglement is responsible for 
the increase in viscosity (Ciullo and Anderson, n.d. ). It was reported that solutions of xanthan gum 
have negatively charge ions (anionic) (Sarisuta and Parrott, 1982). Due to this, xanthan gum 
possesses a high affinity for water and is readily hydrated to provide texture control. It was also 
reported that xanthan gum has elastic properties so that as well as increasing the viscosity, the fluid 
becomes more gel-like (Payne et al., 2012).   
It is known that xanthan gum is stable over a broad range of pH values (Katzbauer, 1998). It 
dissolves in most acidic solutions, but some precipitation occurs in very alkaline solutions (pH 12) 
(Barclay-Nichols, 2011), making it a suitable thickening agent for all beverages (e.g. carbonated 
drink, herbal teas). While xanthan gum will not dissolve in pure alcohol, it will dissolve in 
water/alcohol mixtures with up to 60% alcohol concentration. This enables its use as a thickener in 
alcoholic beverages such as cocktails (Sworn and France, 2009, Barclay-Nichols, 2011).  
Xanthan gum is currently the most commonly available thickening agent used in 
commercial thickening products for thickening fluids for dysphagia in the Australian market. This is 
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because it dissolves more easily than other thickeners, preventing lumping when mixing the powder 
with the fluid, and producing a more consistent viscosity of thickened fluids (Sopade et al., 2008b). 
However, Abrams (2011) reported that approximately fifteen babies developed Necrotizing 
Enterocolitis (NEC) and two babies died after mixing xanthan gum based thickener with breast milk 
or formula to help with swallowing difficulties from complications of premature birth. This is 
because the infant gut and especially the premature infant gut are not sufficiently developed to be 
able to process the gum. Due to this, the use of xanthan gum based thickener for infants under the 
age of 3 years has been prohibited (Abrams, 2011). 
2.5.3.2 Maltodextrin 
Many thickening products that use xanthan gum also include maltodextrin as one of their 
ingredients. Maltodextrin is an easily digestible carbohydrate made from natural corn starch and can 
be used as an additive for texturing and bulking. It is often used to provide bulk, viscosity and 
smooth mouth feel (Akoh, 1998). It has low sweetness and is a convenient source of energy.  
2.5.3.3 Guar Gum 
Guar gum is a neutral, long chain polysaccharide composed of the sugars galactose and 
mannose. It is a natural food thickener that comes from the guar bean (Tripathy and Das, 2013). 
When it is dispersed in water, the galactose side chains interact with the water molecules and form 
an inter-molecular chain entanglement, which increases the viscosity in the solution causing 
thickening (Tripathy and Das, 2013). It was reported by Sopade et al. (2008b) that guar gum based 
thickener are the most sensitive in terms of viscosity change for a given increase in thickener 
compared with other gum-based thickeners.  
2.5.3.4 Modified Maize Starch 
Modified maize starch is a food additive which is created by treating starch, causing the 
starch to be partially degraded (Sager, 2010). It is commonly used as a stabiliser or thickening 
agent. When modified maize starch is added to water, it absorbs water and the granules swell and 
partly dissolve which results in a liquid with some weak interlinking bonds between the granules. 
During this process, the viscosity of the fluid continually rises (Hanson et al., 2012a, O'Leary et al., 
2010). 
Starch based thickeners have commonly been used as a thickening agent for thickened 
fluids. Several manufacturers have stopped the production of starch based thickener due to many 
limitations that have been found. It was found that starch based thickeners have a long standing 
time; that is, it keeps thickening even after ten minutes of standing after mixing (Nicholson et al., 
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2008). Nevertheless, several manufacturers use a mixture of modified maize starch, guar gum and 
xanthan gum as their main ingredients. Moreover, modified maize starch is still used as the main 
ingredient of baby feed thickener because the infant gut is able to safely manage this product 
(Abrams, 2011).  
2.5.4 Factors Affecting Thickened Fluids 
Studies have found that there are many factors that affect the rheological parameters of 
thickened fluids (Nicholson et al., 2008, O'Leary et al., 2010, Payne et al., 2012, Hanson et al., 
2012b, Sopade et al., 2007, Cho et al., 2012), thus reducing the ‘likelihood’ of producing a 
consistent thickened fluid. These factors include: 
 The quantity of thickener added to the fluid 
 Standing time 
 Serving temperature 
 pH of medium 
 Dispersing media 
2.5.4.1 The Quantity of Thickener 
The quantity of thickener added to the fluid significantly affects the viscosity of the liquid. It 
was found that the viscosity of thickened fluids increased non-linearly with increasing levels of 
thickening agent (Nicholson et al., 2008). Thus, doubling up the quantity of thickener, results in 
fluids that are considerably more than twice the thickness. Additionally, different types of 
thickeners require different quantities to be added to reach a certain viscosity. Previous studies have 
showed that the density and the yield stress of the fluid were also increased as the solid content is 
increased (Germain et al., 2006, Sopade et al., 2007).  
2.5.4.2 Standing Time 
Previous studies have shown that thickened fluids continue to increase in viscosity over time 
(Garcia et al., 2005, O'Leary et al., 2010). It was reported that the time dependence of the 
thickening behaviour of thickened fluids is dependent on the types of thickener. For example, fluids 
thickened with guar gum based thickener and starch based thickener still continue to thicken even 
after 1 or 2 hours of mixing (O'Leary et al., 2010, Sopade et al., 2007).  
Garcia et al. (2005) examined the effect of standing time on viscosity of different dispersing 
media by measuring the viscosity of the fluid at the manufacturers recommended time to thicken 
(‘standard’) (~5 minutes), at 10 minutes (typical preparation time) and at 30 minutes (typical 
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consumption time). It was found that the viscosity of the fluids for starch based thickener increased 
from ‘standard’ time to 10 minutes and further increased from 10 minutes to 30 minutes. However, 
there was no significant viscosity increase for xanthan gum based thickener from ‘standard’ time to 
10 minutes and to 30 minutes (except for 2% milk and coffee). This shows that the time required to 
reach equilibrium viscosity can be slow for some thickeners (starch based), but can be quick for 
others (xanthan gum based) (Popa Nita et al., 2013). This is due to differences in their molecular 
structure, bonding interactions between the water molecules and their ionic charges as discussed in 
Section 2.5.3. 
2.5.4.3 Serving Temperature 
It is well-known that the viscosity of fluids is highly temperature dependent (Garcia et al., 
2008). However, study of the viscosity of thickened fluids under different temperature conditions 
are limited. Many researchers have performed rheological tests at room temperature (Sopade et al., 
2007, Sopade et al., 2008a, Sopade et al., 2008b) and were not otherwise concerned with the effect 
of temperature on the viscosity of thickened fluids. Several researchers performed rheological tests 
at the drink’s serving temperature (~60°C for hot beverage and ~4°C for cold beverage) (Garcia et 
al., 2005, Germain et al., 2006, Payne et al., 2012). However, the data could not be used to analyse 
the effect of temperature on the viscosity of thickened fluid as temperature would not be the only 
factor that is affecting the viscosity.  
Subsequent to the studies noted above, Garcia et al. (2008) analysed the effect of 
temperature on viscosity of thickened fluids by measuring the viscosity of the fluid at two different 
temperatures, room temperature and serving temperature, at nectar-thick and honey-thick level. It 
was concluded that the viscosity of the thickened fluid increases as temperature decreases for starch 
based thickener. However, there was no significant difference in the viscosity of the fluids at room 
temperature and serving temperature for xanthan gum based thickener (except 2% milk and coffee). 
It was stated that temperature variations of ± 1°C did not appreciably affect the measured viscosity 
of the samples because the resulting measurement were within the instrument’s accuracy range 
(± 1°C) (Garcia et al., 2008). 
Another temperature test of thickened fluid was done by Payne et al. (2012). Payne et al. 
(2012) observed the viscosity of thickened coffee at 15°C, 40°C and 65°C using a starch based 
thickener. It was found that the viscosity decreased as the temperature increased. Thus, Payne et al. 
(2012) concluded that patients who drink fairly quickly will be receiving fluid of a very different 
viscosity than those who take more time to consume their drinks. However, the use of starch based 
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thickener has dramatically decreased recently. Many manufacturers have replaced the production of 
starch based thickener with xanthan gum based thickener. Therefore, the temperature analysis that 
had been done by Payne et al. (2012), focusing on starch-based thickeners, cannot be applied to the 
current thickeners on the market.  
2.5.4.4 pH of Medium 
The effect of pH on viscosity of thickened fluid has not yet been observed as only limited 
information can be found. Many researchers measured the viscosity of thickened fluids in acidic 
fluids, such as apple juice, orange juice and pineapple juice (Sopade et al., 2008b, Nicholson et al., 
2008). However, this method could not be used to observe the effect of pH on viscosity of 
thickened fluid as pH would not be the only factor that is affecting the viscosity.  
Hanson et al. (2012a) reported that lowering the pH of the fluid is an effective way to slow 
down the effect of saliva on the viscosity of starch-thickened drinks. Saliva is known to contain 
Amylase enzyme that breaks down starch. It was observed that the viscosity of the fluid was 
reduced to less than 1% of its original value when saliva was added. However, it was reported that 
the viscosity of the fluid was not significantly affected by the addition of saliva at low pH (3.5 or 
lower) (Hanson et al., 2012a).  
2.5.4.5 Dispersing Media 
Many types of fluids are thickened for dysphagic patients. This is to increase the diversity of 
fluid selection for their hydration needs and also their source of nutritional intake, such as milk. 
Occasionally, alcoholic beverages are also thickened for social reasons. For dysphagic infants, they 
rely solely on thickened human breast milk or infant formula for all their nutritional needs 
(September et al., 2014). It was observed that the rheological behaviour of thickened fluids is 
dependent on the dispersing medium (Sopade et al., 2007, Sopade et al., 2008a, Sopade et al., 
2008b, Nicholson et al., 2008, Garcia et al., 2005, Hanson et al., 2012b, Cho et al., 2012). For 
example, several researchers have measured the viscosity of a range of thickened drinks and found 
that the viscosity of thickened milk is significantly thicker than other thickened beverages after 
10 minutes (Garcia et al., 2005, Nicholson et al., 2008). This behaviour may occur due to 
interactions between the thickener and the milk contents such as carbohydrate, protein and fat.  
Sopade et al. (2008a) examined the effect of milk processing technique and milk fat on 
viscosity of thickened fluids.  They compared the viscosity of thickened homogenised and 
pasteurised full cream milk (HPFC) with skim milk and ultra-heat treated full cream milk (UHT). 
The viscosity of thickened HPFC, UHT and skim milk at total solids content (i.e. solids already 
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present plus added thickener) of 15% (w/w) was measured at 50 s-1 and compared. In this 
manipulation they concluded that skim milk yielded the most viscous fluid because of its reduced 
fat content, although this meant that more thickener had been added. However, the study showed 
that HPFC and UHT yielded identical viscosities. A review of the effect of milk fat on the 
thickening dynamic of thickened liquids that appreciates rather than adjusts for the variability in 
solids content is warranted.  
Garcia (2005) compared the viscosity of five different thickened fluids (water, apple juice, 
low-pulp orange juice, 2% milk and coffee). It was found that low-pulp orange juice and 2% milk 
produced the most viscous consistency. This was suspected because of the solid contents in the fluid 
(e.g. mineral, protein, fine pulp) and acid that can interact with thickeners resulting in greater 
bonding and thickening capacity (Garcia et al., 2005). On the other hand, fluids that generally have 
a low solid content produced the least viscous consistency.  
2.5.5 Rheological Characterisation 
Rheology is defined as the study of fluid deformation and flow of matter (Macosko, 1994, 
Borwankar, 1992).  A study of the rheological and material property characteristics of thickened 
fluids is important to provide an objective understanding consumer perception of texture of the 
fluids and provide safety and appropriateness for swallowing in dysphagic patients. Additionally, 
rheology provides important measurements to facilitate process design and development of 
measuring techniques (Borwankar, 1992).  
2.5.5.1 Shear Deformation 
Many researchers have studied the rheology of thickened fluids in shear deformation to 
analyse their characteristics and behaviour. Typically the fluid is subjected to a steady applied shear 
rate ሺߛሻሶ  and the resulting shear stress (τ) is measured. The apparent viscosity, η is then defined by 
using Equation (2.1). Figure 2.2 shows a typical geometry, where a cone is used for the upper plate 
to ensure that the shear rate is uniform across the whole sample.  
 
ߟ ൌ ߬ߛሶ  (2.1) 
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Figure 2.2: Cone and plate geometry in steady mode measurement, r is cone radius, θ is cone degree angle, ષሶ  is angular 
velocity, ࢽሶ  is shear rate.  
Fluids that have a constant viscosity at all shear rates are known as Newtonian fluids. 
However, thickened fluids are non-Newtonian and have shear-thinning properties, i.e. the apparent 
viscosity falls with increasing shear rate (see Figure 2.3) (Garcia et al., 2005, Cichero et al., 2000a, 
Nicholson et al., 2008, Sopade et al., 2007, Germain et al., 2006, Cho et al., 2012). Some 
researchers have successfully applied a power law model (Equation (2.2)) over ranges of shear rates 
relevant to swallowing (Mackley et al., 2013, Meng et al., 2005), where K is the flow consistency 
and n is the flow index consistency. The power law index represents how sensitive the fluid 
viscosity is to the shear rate. When the value of n is 1, the fluid is a Newtonian fluid (viscosity is 
constant), n value below 1 is shear-thinning and n value above 1 is shear-thickening (Macosko, 
1994) (see Figure 2.3). It has been reported that thickened beverages have a power law index value 
between 0.12 – 0.21 (Cho et al., 2012) 
ߟ ൌ ܭߛሶ ௡ିଵ (2.2) 
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Figure 2.3: Schematic diagram of Newtonian, shear-thinning and shear-thickening properties 
Many other rheological models representing characteristics of fluid flow in terms of shear 
stress/shear rate to include the yield stress (τy) of the fluid have been developed. Previous studies 
show that the Bingham, Casson, Herschel-Bulkley and Mizahri-Berk (Equation (2.3) – (2.6)) 
models are those most commonly applicable to food thickeners (Sopade et al., 2007, Sopade et al., 
2008a, Sopade et al., 2008b, Cho et al., 2012, Germain et al., 2006). Sopade et al. (2008b) and 
Germain et al. (2006) stated that the rheological behaviour of thickened fluids was best fitted to the 
Herschel-Bulkley model. 
Bingham ߬ ൌ ߬௬ ൅ ܭߛሶ  (2.3) 
Casson ߬ଵ/ଶ ൌ ߬௬ଵ/ଶ ൅ ܭߛሶଵ/ଶ (2.4) 
Herschel-Bulkley   ߬ ൌ ߬௬ ൅ ܭߛሶ ௡ (2.5) 
Mizahri-Berk ߬ଵ/ଶ ൌ ߬௬ଵ/ଶ ൅ ܭߛሶ ௡ (2.6) 
When the material is characterised continuously in steady mode, the structure of the fluid 
may be disturbed. In order to characterise the samples without disturbing the structure of the fluid 
during measurement, oscillatory measurement can be performed. Here a sinusoidal deformation is 
applied to the fluid and the resulting shear stress measured. The stress amplitude and the phase 
difference between the applied strain and the stress response are used to calculate the overall 
behaviour of the material. If the phase difference is not 0° (a purely elastic material) or 90° (a 
purely viscous material), it is known as a viscoelastic material which show both viscous 
(liquid-like) and elastic (solid-like) characteristics (Macosko, 1994). Viscoelastic material 
Chapter 2 
 
30 | P a g e  
 
properties can be described by a complex modulus (G*) which can be decomposed in terms of a 
storage modulus (G'), which represents the solid-like (elastic) behaviour and a loss modulus (G"), 
which represents the liquid-like (viscous) behaviour (Equation (2.3)).  
ܩ∗ ൌ ܩᇱ ൅ ݅ܩ" (2.7) 
When measuring the viscoelastic behaviour of a material, firstly the Linear Viscoelastic 
Region (LVR) of the material has to be determined. The LVR of a material is the range of strains in 
which the rheological properties are not strain amplitude dependent (see Figure 2.4) (Macosko, 
1994). A strain is then selected from within the region to be used for rheological characterisation as 
above this the structure of the material will be disturbed. It is also important not to select too low a 
strain amplitude as this leads to low torque and thus less accurate measurement (Macosko, 1994). 
 
Figure 2.4: Schematic diagram showing Linear Viscoelastic Region (LVR) of a material 
The complex/dynamic viscosity, η* of the fluid is related to the complex modulus by using 
Equation (2.4), where ω is the frequency of oscillation (rad/s).  
ߟ∗ ൌ ܩ
∗
݅߱ (2.8) 
Mackley et al. (2013) showed that the value of G' in thickened fluids is larger than the G" 
value over the frequency range tested (0.1 – 100 rad/s), this shows that thickened fluids exhibit a 
weak ‘gel-like’ structure and behave more ‘solid-like’ (Cho et al., 2012).  
The complex viscosity of the fluid obtained from the oscillatory mode is often compared 
with the apparent viscosity obtained from the steady mode (Macosko, 1994, Mackley et al., 2013). 
If the apparent viscosity of the fluid is equal to the complex viscosity (at an equivalent rate and 
frequency), the Cox-Merz rule of equivalence is obeyed (Equation (2.5)). This empirical 
relationship often holds for polymer melts where the structure of the fluid does not change with 
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deformation (Cox and Merz, 1958). Deviations from the Cox-Merz relationship is thus a measure of 
the degree of structure in the fluid that breaks down under large amplitude shear. Mackley et al. 
(2013) reported the Cox-Merz rule of equivalence is obeyed only for starch based thickened 
solutions, but not for xanthan gum solution. This shows that the structure of starch based thickened 
solutions is different than the structure of xanthan gum solution.   
ߟሺߛሻሶ ൌ |ߟ∗ሺ߱ሻ|					݂݋ݎ	ߛሶ ൌ 	߱ (2.9) 
It has also been reported that thickened fluids require a minimum stress to be applied in 
order to make the fluid flow (Cho et al., 2012, Germain et al., 2006); this is termed yield stress, τy. 
Despite yield stress clearly being evident in thickened fluids (Sopade et al., 2007, Cho et al., 2012, 
Germain et al., 2006, Payne et al., 2012), the concept of a true yield stress is still a topic of debate 
(Barnes and Walters, 1985). Barnes and Walters (1985) states that all materials which are 
considered to have a true yield stress are actually very high viscosity fluids. For this reason, the 
term apparent yield stress is commonly used to represent the critical stress at which there is a 
distinct drop in viscosity (Malvern Instruments Limited, 2012).  
2.5.5.2 Extensional Deformation 
Whilst the rheology of thickened fluids in shear deformation had been studied by several 
authors, limited studies of the rheology of thickened fluids in extensional deformation can be found. 
Extensional deformation of the fluid could also affect the bolus flow rate when swallowing due to 
changes the change in dimensions between the oral cavity, pharyngeal space and Upper Esophageal 
Sphincter (UES). In contrast to shear deformation where the fluids are deformed by shearing the 
fluids between two plates (Figure 2.2), extensional deformation measurement are deformed in a 
uniaxial extensional flow (Figure 2.5). Only one study can be found that evaluates the rheological 
behaviour of thickened fluids in extensional deformation (Mackley et al., 2013). The fluid was 
measured rheologically using a device that was built by the University of Cambridge, to specifically 
evaluate the rheological behaviour of inkjet fluids. The Cambridge Trimaster is a fluid stretching 
device that has twin pistons of diameter 1.2 mm that can rapidly stretch a test fluid from an initial 
gap of 0.6 mm to a final gap of 2.2 mm in a time of 0.011 seconds to observe the filament stretching 
and subsequent thinning behaviour of the samples (Tuladhar and Mackley, 2008). The filament 
break-up time was measured and used to calculate the extensional viscosity of the fluid. The 
equations used to calculate the extensional viscosity from the filament breakage time will be further 
discussed in Section 6.2.2.1.  
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Figure 2.5: Schematic diagram of extensional deformation measurement Source from Vadillo et al. (2010). 
It was observed that both starch based thickened solutions and xanthan gum solutions have 
similar behaviour in shear deformation. However, the filament stretching and thinning behaviour of 
the fluids differed. The starch based thickened solutions stretched in a very non-homogenous 
manner and the sample broke up prematurely, before the piston reached the final gap. On the other 
hand, at similar shear viscosity, a xanthan gum solution exhibited a much more uniform extensional 
deformation and a high filament breakage time (Mackley et al., 2013). It is believed that the 
filament breakage time can be used as a measure of the cohesiveness of the fluid. The longer the 
filament breakage time, the more cohesive the fluid is. This shows that extensional stretch, thinning 
and breakup behaviour (extensional deformation) for the fluids behaved very differently even 
though the shear rheology is similar (shear deformation). The cohesive nature of thickened liquids 
is believed to be beneficial to individuals with dysphagia, reducing bolus fracture that often occurs 
with thin liquids (Cichero and Murdoch, 2006).  
2.5.6 Measuring Techniques 
There are several methods used to measure the thickness of thickened fluids. A device such 
as rheometer or viscometer can measure the viscosity of the fluid accurately. These devices, 
however are commonly only used in the research field since the cost of these devices is high and 
they require specialist expertise (O'Leary et al., 2010, Nicosia and Robbins, 2007). As precise, 
objective measurement tools are not readily available in health care settings and the community, 
other low technology devices are used for the measurement or categorisation of thickened fluids.  
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2.5.6.1 ‘Fork Test’ 
The most economical and accessible method to determine whether the fluids meet the 
thickened fluids standards is by performing the ‘Fork Test’ as described in the current Australian 
Guidelines to identify the thickness level of thickened fluids (Atherton et al., 2007). The ‘Fork Test’ 
is described as a simple way to check the thickness of a drink to make sure it is at the correct 
thickness level and safe to drink (Queensland Health Dietitians, 2007). This method involves 
dipping a fork into the drink and raising it up and observing how the fluid drips and then comparing 
with the Australian descriptors and images shown in Figure 2.6.  
The ‘Fork Test’ is the most economical method as it only requires a fork, however, it is not 
very accurate as it relies on people’s subjective judgement to decide whether the fluid has the 
correct thickness or not. In some cases, different people will have different opinions regarding the 
thickness of the fluid, especially when the thickness of the fluid is on the boundary between 
thickness levels (Popa Nita et al., 2013, Jukes et al., 2012).  
 Figure 2.6: Australian Fluid Thickness Standards (Dietitians Association of Australia, 2007) 
2.5.6.2 Bostwick Consistometer 
The Bostwick consistemeter is a tool that is commonly used in the food industry to measure 
the thickness consistency and flow rate of the material. This method involves a fluid flow due to 
gravity as soon the gate is opened (See Figure 2.7). The distance the fluid travels down the trough 
after 30 seconds is recorded and compared with other samples. Several thickener manufacturers use 
this device to evaluate the flow ability of the thickened beverages offered to dysphagic individuals 
(Germain et al., 2006). Germain et al. (2006) reported that the Bostwick Consistometer provides a 
method that is relatively inexpensive, accessible to most and time efficient to measure the thickness 
of thickened fluids. However, fluid flow under gravity has lower shear stress than that generated 
during swallowing and the shear rate will not be uniform throughout the fluid, which will affect the 
reproducibility of the measurements using the device (O'Leary et al., 2010). 
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Figure 2.7: Bostwick Consistometer 
2.5.6.3 Line Spread Test (LST) 
The Line spread test (LST) is another simple tool that can be used to assess the thickness of 
thickened fluids for the dysphagia diet. The LST set is composed of a large sheet of paper with 
concentric circles drawn at intervals of 1 cm, indicating the distance of the fluid spread, Plexiglass 
or glass plate is placed over the top of the paper with the concentric circles and a cylindrical tube is 
placed in the centre of the circles (5 cm diameter) (See Figure 2.8). Similar to the Bostwick 
Consistometer, this method involves a fluid flow due to gravity. When the middle tube is lifted, the 
samples spread out along the quadrants. The measurement in centimetres along the four lines that 
separate the quadrants after sixty seconds are recorded and averaged. The LST is a less expensive 
tool than the Bostwick Consistometer, and thus more affordable for healthcare centres (e.g. aged 
care, hospitals). Nicosia and Robbins (2007) stated that the LST was a reliable tool to differentiate 
different thickness levels of thickened fluids for the dysphagia diet. However, Kim (2007) strongly 
disagreed and reported that LST tool was not a reliable method to measure the consistency of 
thickened fluids due to low reproducibility of measurements. This is because there are many factors 
that may influence the measurement of LST, including operational factors, such as cleaning of the 
glass surface, inconsistency in lifting the middle container and uneven spread. For example, it is 
recommended that the glass surface should not be washed with soap as the surface tension of the 
glass will be affected and the measurement may be influenced. Additionally, different surfaces (e.g. 
glass or plexiglass) cause significant differences in results (Kim, 2007). It was observed that the 
fluid spreads further on Plexiglass plate than glass plate. Similarly, yield stress and density are fluid 
properties that possibly affect fluid flow spread and distance in LST. This device is thus only useful 
in the very broad categorisation of thickened fluids (Nicosia and Robbins, 2007).  
Lever to open the gate 
Reservoir 
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Figure 2.8: Line Spread Test 
 
2.5.6.4 IDDSI Flow Test 
In 2015, the International Dysphagia Diet Standardisation Initiative (IDDSI) developed a 
new method to measure the thickness of thickened fluids using a 10 mL slip-tip syringe 
(International Dysphagia Diet Standardisation Initiative, 2015). This method involves fluid flow of 
10 mL samples through a syringe, recording the amount of the sample left in the syringe after ten 
seconds of flow (See Figure 2.9) (Hanson, 2016).  
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Figure 2.9: IDDSI Flow Test (International Dysphagia Diet Standardisation Initiative, 2015).  
0=thin, 1=slightly thick, 2=mildly thick , 3=moderately thick, 4=extremely thick  
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2.6 Models of the Human Throat 
2.6.1 Computational Model 
An approach to evaluate the processing behaviour of thickened fluids in the human throat is 
through computational modelling. A computational fluid dynamic model to demonstrate the effect 
of rheological properties of Newtonian and shear-thinning fluid boluses on the pharyngeal stage of 
the swallowing process was developed by Meng et al. (2005). Meng et al. (2005) modelled a human 
throat from glossopalatal junction (GPJ) to Upper Oesophageal Sphincter (UES), totalling 5 cm in 
length (see Figure 2.10). The model assumed axisymmetric geometry, axial movement of the bolus 
with the concomitant radial opening of the pharynx, linear normal force by the base of the tongue 
and single-phase flow. The pushing tongue action at the beginning of the swallowing phase and the 
subsequent relaxing of the tongue was simulated by a linearly decreasing normal stress.  
It was observed that the pharyngeal transport of Newtonian and shear-thinning fluids is 
evidently different. The apparent shear rate at the UES was calculated to be 0.001 s-1 for 
shear-thinning bolus, compared to 27 s-1 for a Newtonian water bolus. Due to this, it had been 
observed that the flowrate of shear-thinning thickened fluid is much lower than unthickened 
Newtonian fluid (Meng et al., 2005). Meng et al. (2005) reported that the total fluid volume that 
passed through the UES for the shear-thinning bolus in the computational model was only around 
2 mL out of the 20 mL swallow (Meng et al., 2005). This means that there are higher residues left in 
the pharynx when swallowing shear-thinning thickened fluids than unthickened Newtonian bolus. 
However, the results obtained by Meng et al. (2005) are unrepresentative of the physiological 
situation. For example, the shear rate of a non-Newtonian material will vary throughout the bolus. 
Furthermore, more than 2 mL of bolus out of the 20 mL swallow passed through the UES for a 
shear-thinning bolus in the physiological situation. Additionally, it was mentioned by Meng et al. 
(2005) that parts of the water bolus was flowing backwards when it was transported through the 
pharynx at high flow rate. However, it is known from VFSS that this phenomenon does not happen 
in the physiological situation.   
Subsequently, Salinas-Vázquez et al. (2014) developed a similar computational fluid 
dynamic model of the human throat to observe the peristaltic flow through the pharynx from GPJ to 
the UES with a shear-thinning bolus. It had been observed that the bolus head travels faster than the 
bolus tail, which indicated that the bolus was elongated. This suggests that the bolus is also 
subjected to extensional stresses (Salinas-Vázquez et al., 2014) and thus understanding extensional 
properties of the bolus is important. Although this is an approach to evaluate the processing 
Chapter 2 
 
38 | P a g e  
 
behaviour of thickened fluids in the human throat, it is believed that the results does not directly 
reflect to the real human swallowing because there are many assumptions were made in developing 
the model, such as axial movement of the bolus with the concomitant radial opening of the pharynx 
and linear normal force by the base of the tongue (Meng et al., 2005). Additionally, a computer 
model is not able to capture complexities of soft tissue and musculature of the throat. The moisture 
of the mucous membrane and changing geometry that occur during swallowing make it very 
difficult for a computational model to provide a realistic approximation of liquid flow during human 
swallowing.  
 
Figure 2.10: Schematic of the segment of human throat from GPJ to UES (Source from Meng et al. (2005)) 
2.6.2 Physical Model 
An alternative way to evaluate the processing behaviour of thickened fluids in the human 
throat is through a physical model. A physical model of the human throat was built in 2013 by 
Professor Malcolm Mackley’s group in the University of Cambridge. This physical model was used 
to evaluate the processing behaviour of the thickened fluids in a geometry and condition similar to a 
stylised human throat (Mackley et al., 2013). The schematic diagram and the photograph of the 
model can be seen in Figure 2.11. The model was designed with astatic ‘throat’ to life size 
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proportions and to approximately match the profile of the human throat. In the stylised oral cavity 
there is a roller to mimic the tongue. At the end of the lever arm, a roller was used to mimic the 
action of the tongue and the roller was activated by releasing a weight on a pulley wheel, which 
generated a constant pressure. Dialysis tubing was attached to the roof of the “mouth” to hold the 
fluid so that it could be forced around by the roller. To use the model, 5 mL of thickened fluids was 
syringed into the tubing, the weight was released and the swallowing behaviour was recorded with a 
high speed camera (Mackley et al., 2013).  
It was found that the oral and pharyngeal transit time increased with increasing 
concentration of thickener. Additionally, different types of thickeners (starch based thickener, 
xanthan gum) have different flow behaviours in the back of the Cambridge throat. It has been 
acknowledged that the Cambridge Throat does not provide the full flow behaviour of thickened 
fluids in the human throat where the deformable neuromuscular interactions in the human body 
result in a very complex motion. It does not, for example, model the valves discussed earlier. 
Additionally, a constant torque to the ‘tongue’ was applied in the model whereas in reality, the 
tongue pressure will vary with the thickness of the bolus. It does, however, provide a useful tool 
where the effect of applying differing rheological parameters of thickened fluids can be observed 
(Mackley et al., 2013).  
Subsequently, an improved version of this device was developed by Nestlé Research Centre 
(Hayoun et al., 2015). The design has been improved in several ways: a counterweight to equilibrate 
the arm weight, an adjustable gap between the roller and the palate and an adjustable weight to 
generate different initial roller pressures were introduced. Furthermore, the initial angular position 
of the roller (θi = 45°) was chosen to mimic the contact between the tongue tip and the bolus 
(Hayoun et al., 2015). Hayoun et al. (2015) observed the effect of bolus physical properties on the 
bolus transit time and the residues left after the oral phase of swallowing.  
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Figure 2.11: (a) Schematic diagram of the Cambridge Throat. (b) Photograph of the Cambridge Throat (Source 
from Mackley et al. (2013)) 
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2.7 Summary 
Texture modified foods and thickened liquids have been used to treat individuals with 
dysphagia for many years. However, the issue of achieving the correct thickness consistency of 
thickened liquids is still an area for development. It is acknowledged that there are no 
evidence-based indicators for therapeutic thickness levels. However, there are data from clinicians 
and manufacturers to show that there are three levels of increasing viscosity commonly used in 
dysphagia management. Many patients and carers struggle to prepare thickened fluid that meets the 
required thickness level. Additionally, inconsistencies in labels and terminology of thickened fluid 
still occur which may become a potential hazard for the patients to consume thickened liquids that 
are too thin or too thick for their target viscosity. It is believed that understanding the rheological 
behaviour of thickened fluids is one of the keys to preparing more consistent thickened fluids that 
meet the required thickness levels. Although the basic rheological properties of thickened liquids 
have been characterised and understood, there are many rheological properties that still need to be 
considered as they may potentially affect the therapeutic properties of the fluids. Consequently, the 
following key gaps of knowledge have been identified that will be investigated in this thesis: 
Lack of understanding of the factors that control the rheological behaviour of thickened fluids 
Variability in rheological measurement has been observed within a thickener product when 
used with different dispersing media. This may endanger patients as they could consume different 
thicknesses of thickened fluids when they thicken different drinks. It was suspected that the 
variability was due to the interactions between the thickener and the other components in the fluid, 
such as carbohydrate, protein and fat. Although several researchers have observed the rheological 
behaviour of thickened fluids, it is believed a systematic study of interactions of a range of 
thickeners and a range of drinks is needed to fully understand the reason for the variability. Given 
the literature, thickened milk is an especially complex fluid that has important nutritional relevance 
and thus, is in need of more in-depth investigation. 
Whilst most literature only focuses on the equilibrium viscosity of thickened fluids, there are 
many other rheological parameters of thickened fluids that may be important for the application to 
dysphagia management. For example, knowing the time to reach equilibrium viscosity 
(a rheological measurement) is needed to specify the standing time of the fluid. Garcia et al. (2005) 
only measured the viscosity of the fluid at ‘standard’ time, preparation time, and consumption time 
and these data at only at three different times cannot provide sufficient information to examine the 
thickening process of thickened fluids. Consequently, the time required for the fluid to reach 
equilibrium viscosity could not be precisely determined. A continuous viscosity measurement, over 
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a period of time would be better to analyse the thickening process of thickened fluids, but this has 
not been reported. 
Lack of understanding as to which are the important rheological parameters that are applicable 
to dysphagia management 
There is still a lack of information in the literature regarding identification of the important 
rheological parameters of thickened fluids for the application to dysphagia management. Further 
research on the rheological behaviour of thickened fluids, considering a wide range of thickeners, 
fluids and serving conditions is required to fully understand the rheological behaviour of these 
fluids.  
Whilst most of the literature has focused on the shear viscosity of the fluid, there are only 
limited studies on other rheological parameters (e.g. yield stress, density, cohesiveness and surface 
tension) that may also be relevant to that characterisation and suitability of fluids for entering 
dysphagia. Additionally, there is a lack of rheological measures in the current Australian 
Standardised Levels for Thickened Fluids that may lead in inconsistencies in the thickness of the 
fluids provided and may endanger patients. Therefore, determining the relative importance of all the 
rheological parameters, and developing an objective measuring protocol that is suitable for the 
application to dysphagia management is seen as a clear need. Such a protocol could be used to 
augment the Australian Standardised Levels for Thickened Fluids to allow dysphagic patients to 
receive consistent thickness of thickened fluids between products.   
No reliable and affordable measuring devices/techniques currently in use for the application of 
dysphagia management 
The recommendation in the current Australian Guidelines to identify the thickness level of 
thickened fluids, the ‘fork test’, is has not properly been analysed and is not very accurate as it 
relies on people’s subjective judgement to decide the thickness of the fluid. Additionally, other 
current available measuring devices/techniques that can be used for quantifying the thickness of 
thickened fluids (e.g. Bostwick Consistometer and Line Spread Test) are not well suited for 
application to dysphagia management. They are either not affordable or not reliable. Therefore, 
there is a need to develop a device that is both reliable and affordable, that can measure a fluid’s 
compliance to the augmented Australian Standards discussed above.  
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From these key gaps in knowledge, three research questions are raised: 
1. How do the rheological parameter(s) of thickened fluids prepared using different 
commercial thickeners and different type of fluids behave under different 
conditions? 
2. What are the important rheological parameters that characterise thickened fluids for 
the application of dysphagia management? 
3. What is the best method to measure these important metrics and hence how can one 
determine if a thickened fluid is suitable for a particular application? 
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CHAPTER	3 	
 
 
3.1 Introduction 
To investigate research question 1 (How do rheological parameter(s) of thickened fluids 
prepared using different commercial thickeners and different type of fluids behave under different 
conditions?) many types of thickened fluids were rheologically characterised in shear deformation. 
This chapter presents the material characterisation of the thickened fluids. This chapter will discuss 
five different preliminary experiments: Firstly, the density of thickened water at different thickener 
concentration was measured to observe the change in density as the thickener concentration was 
varied. Secondly, the rheological characterisation of thickened water prepared using different 
commercial thickeners was measured to observe the variabilities between thickener products. The 
rheological characterisation of thickened fluids with different dispersing media was also measured 
to observe the variabilities in rheological behaviour with different type of fluids. Then, the 
rheological properties of pre-thickened and hand-thickened fluids was compared to determine 
whether there was consistency between pre-thickened drinks and hand-thickened drinks from the 
same company. Finally, rheological characterisation of thickened barium sulphate was performed to 
observe the rheological behaviour of thickened barium sulphate used in VFSS compared with 
thickened water.  
This chapter discusses the thickener products used throughout the project and the shear 
rheological techniques that are used throughout this project. It is believed the most relevant measure 
of the viscosity to the swallowing process is the steady shear measurement (O'Leary et al., 2010, 
Popa Nita et al., 2013). However, taking steady shear measurements would apply large magnitude 
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shears which would disturb the structure of the sample (as mentioned in section 2.5.5.1). Due to 
this, a small amplitude oscillatory strain mode was employed and a scaling factor was applied as 
discussed in section 3.4.2.3.  
3.2 Thickeners 
Five brands of available commercial thickeners were used throughout this project. However, 
a primary thickening agent was chosen for most of the samples (Resource ThickenUp Clear (RTC) 
from Nestlé). RTC is a xanthan gum based thickener which has good reproducibility compared to 
other thickeners (Sopade et al., 2008b) and is commonly used in the healthcare industry in 
Australia. Table 3.1 lists all of the thickeners used throughout this project. 
3.2.1 Sample Preparations 
A standard sample preparation was implemented in every experiment in this project. Each 
sample was mixed in accordance with the manufacturer’s mixing instructions. For instance, to 
prepare RTC (Nestlé) samples, the required amounts of first thickener and then liquid were added 
into the container. The mixture was stirred vigorously with a spoon until the thickener was 
completely dissolved (approximately 15 seconds). On the other hand, to prepare Instant Thick 
(Flavour Creations) and Nutilis (Nutricia) samples, the required amount of powder was gradually 
added to the liquid whilst stirring continually with a spoon until the thickener had completely 
dissolved (approximately 15 seconds).  
The recommended dosage in the manufacturer’s mixing guidelines for all thickeners were 
given in scoop or pump measures. The weight for one scoop or volume for one pump is also 
provided by the manufacturer. In this project, the manufacturer’s weight in grams or volume in 
millilitres was followed, instead of scoop or pump measures to ensure reproducibility of the results. 
It is important though to note the weight variations of the scoops used by individuals at home and in 
aged care centres who prepare thickened fluids without using a weigh scale, as they are more likely 
to use the scoop measure that was provided by the manufacturer. The weight variation due to 
variations in how full the scoop is when preparing thickened fluids can be estimated as outlined 
below.  
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Table 3.1: Summary of thickeners used in this project 
Brand Manufacturer Type Thickening  Ingredients Other Ingredients 
Resource 
ThickenUp® Clear 
(RTC) 
Nestlé Powder xanthan gum maltodextrin, potassium chloride 
Instant Thick Flavour Creations Powder xanthan gum maltodextrin, erythritol 
Precise Thick-N Trisco Foods Paste guar gum, xanthan gum, gellan gum, pectin 
water, polydextrose, glucose syrup, humectant, food acid, 
potassium sorbate, calcium chloride 
Nutilis Powder Nutricia Powder 
modified maize starch, 
tara gum, xanthan gum, 
guar gum 
maltodextrin 
Karicare Aptamil 
Feed Thickener Nutricia Powder 
modified maize starch, 
carob bean gum maltodextrin  
‘Ready to Drink’ 
(Water)  
Flavour 
Creations Pre-thickened xanthan gum 
water, maltodextrin, glucono delta-lactone, potassium 
sorbate 
‘Ready to Drink’ 
(Creamy Dairy) 
Flavour 
Creations Pre-thickened 
xanthan gum, modified 
starch 
water, full cream milk powder, cane sugar, sunflower oil, 
calcium caseinate, titanium dioxide, emulsifier (471), 
calcium phosphates, sodium citrates  
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The manufacturer guidelines in weight % for powder thickeners and volume % for paste 
thickeners used in this experiment are shown in Table 3.2.  
Table 3.2: Manufacturer’s guidelines for all thickeners (wt. % for powder and vol. % for paste thickener) 
Brand Type 
Wt. % / vol. % 
Level 150 
Mildly Thick 
Level 400 
Moderately Thick 
Level 900 
Extremely Thick 
Resource ThickenUp® 
Clear (RTC) Powder 1.20 2.40 3.60 
Instant Thick Powder 1.14 2.87 5.73 
Precise Thick-N Paste 3.85 7.70 15.4 
Nutilis Powder Powder 4.00 6.00 8.00 
A preliminary experiment was conducted to observe the weight variations likely when using 
the scoops that were provided by the manufacturer. The weight for one scoop was measured with a 
sensitive balance (Sartorius CP224S) and the measurements were repeated ten times. It was ensured 
that the scoop was levelled prior to each measurement. It was observed previously that failing to 
level the scoop and over-packing in the scoop will cause up to 3% and 10% extra error respectively. 
Table 3.3 shows the weight variations for each scoop in grams. 
Table 3.3: Weight variations of each scoop for different brand of thickeners 
 Resource ThickenUp® 
Clear (RTC) 
Instant Thick Nutilis Powder  Scoop A Scoop B 
Instructions (g) 1.20 2.10 5.30 4.00 
Measured (g) 1.32 ± 0.04 2.10 ± 0.05 5.51 ± 0.09 4.00 ± 0.06 
It can be seen that the measured weight for each scoop is higher than the weight information 
that was provided by the manufacturer. The scoop measures give approximately 1% – 10% more 
than the manufacturer’s aim. This suggests that individuals at home or in aged care centres who 
prepare thickened fluids and rely on the scoop measure will have higher viscosity fluids than 
anticipated. The relevance of the additional error due to scoop variation will be further discussed in 
the Chapter 7. 
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3.3 Experiment 1 – Density of Thickened Water 
Density of the bolus has been shown to play an important role in swallowing (Sopade et al., 
2007). Using radiology measures (videofluoroscopy), it was reported that density strongly affects 
the time taken to clear the bolus from the oral cavity into the pharynx (i.e. oral transit time) (Dantas 
et al., 1989). It was shown that the density of the fluid is increased as the thickener concentration is 
increased (Germain et al., 2006, Sopade et al., 2007). Given that the density can impact on 
swallowing physiology, the density of thickened water at different fluid thickness levels was 
measured in this experiment. 
3.3.1 Materials & Methods 
The commercial thickener product selected for analysis was Resource ThickenUp® Clear 
(Nestlé) and the fluids used in this study were Brisbane tap water (Qld, Australia) which is 
considered as moderately hard water (~120 mg/L CaCO3). Three samples of thickened water were 
prepared for each of the three levels according to RTC recommended dosage (Table 3.2).  
The density of the samples was calculated by weighing the sample at a given volume. 20 mL 
of sample was accurately taken and weighed by a scale (Sartorius CP224S). Then the mass was 
divided by the volume to get the density, ρ (kg/m3). The measurements were carried out at room 
temperature (25°C) and repeated five times. The mean of the five measures were calculated for the 
analysis.  
An interval plot with 95% confidence limit was generated. For the comparison of the density 
obtained for each of the three levels, analysis of variance (ANOVA) was carried out to determine 
whether there were any statistically significant differences. A p-value below 0.05 was regarded as 
statistically significant. The statistical analysis was performed using Minitab 16 Statistical 
Software.  
3.3.2 Results and Discussion 
Figure 3.1 shows that the density of the thickened fluid increases as the mass of thickener 
added is increased. This result supports Sopade et al. (2007) which states that the thickened fluid 
shows an increase in density with an increase in solids content. Although the density of the 
thickened fluid increases as the thickener concentration increases, it can be seen that the change in 
density from thin fluid (0g) to Level 900 (3.6 g) is smaller than the variation in scoop-to-scoop 
volume (p > 0.10). Consequently, it can be concluded that variations in the density of thickened 
fluids used at meal-times is very unlikely to play a major role in swallowing. Cichero et al. (2000b) 
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states that density plays an important role for fluid transport during swallowing in videofluoroscopy 
where the medium swallowed is barium sulphate or thickened barium sulphate. Barium sulphate has 
a density of 1.62 g/cm3 in contrast to thickened water that has a density of 1.00 g/cm3 (Steele and 
Lieshout, 2005, Dantas et al., 1989). Since there were no significant differences in density at 
different fluid thickness levels, the density of the fluids was not further investigated in the 
remaining experiments.   
 
 
 
 
Figure 3.1: Density plot of thickened water using RTC (p > 0.10) 
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3.4 Experiment 2 – Water Thickened with Different Commercial Thickeners 
There are many available commercial thickeners that are sold on the market and it has been 
shown that rheological measurements are highly dependent on the type of thickener (Sopade et al., 
2007, Garcia et al., 2005, O’Leary et al., 2010). This may cause danger to patients if they try to 
inter-change different thickener products as they may consume different thickness consistencies. 
Most of the thickener products come as a powder to mix with liquids, but some products come as a 
paste, which is more suitable to mix with certain types of fluids, such as beer, or carbonated drinks. 
The rheological characterisation of thickened water with various available commercial thickeners 
(powder and paste) was conducted to observe the variabilities between thickener products at 
different fluid thickness levels.  
3.4.1 Materials  
To produce samples that are similar to real practice, Brisbane tap water was used in this 
experiment. A preliminary experiment was conducted to compare the rheological behaviour 
between moderately hard thickened water with hard thickened water (Cambridge (UK) tap water, 
~322 mg/L CaCO3). It was shown that the viscosity of both samples are similar and thus viscosity is 
unaffected by the water hardness. The results can be viewed in Appendix A.1. 
The commercial thickener products selected for comparison were Resource ThickenUp® 
Clear (Nestlé), Instant Thick (Flavour Creations), Precise Thick-N (Trisco Foods) and Nutilis 
Powder (Nutricia). The samples were thickened to each of the three Australian thickness levels. The 
samples were prepared as described in Section 3.2. Manufacturer’s recommended dosage was 
followed (Table 3.2).  
3.4.2 Methodology 
All rheological tests were performed on a Thermo Scientific Rheoscope 1 using HAAKE 
Rheowin Version 4. Cone and plate geometry was selected; diameter, 70 mm; angle, 1°. This 
geometry was chosen as it is commonly used for clear fluids without suspended solids and could 
cope with the range of expected viscosities. 1.6 mL of fluid sample was placed on the RheoScope 
for each test measurement performed. The temperature of the samples was maintained by a water 
circulator at 20°C ± 1°C.  
A strain amplitude sweep test was first performed to determine the Linear Viscoelastic 
Region (LVR) of the material (See Section 2.5.5.1 for details). The LVR of thickened fluids for all 
thickness levels and types of thickener extended to at least a strain amplitude of 0.1% 
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(See Appendix A.2). Additionally, it was observed that the storage modulus (G’) of the fluid was 
higher than the loss modulus (G”), showing that the fluid is a very elastic material.  
Analysis in oscillatory mode at low strain allows the observation of the effect on the 
properties of thickened fluids due to changes in conditions without disturbing the structure of the 
fluid during measurement (Nicholson et al., 2008, Mackley et al., 2013). However, too low a strain 
leads to low torque and thus less accurate measurement (Macosko, 1994). Therefore, a strain 
amplitude of 0.1% (within the LVR) was selected. 
 
Figure 3.2: Thermo Scientific Rheoscope 1 
Oscillatory tests and steady tests were conducted to measure the rheological parameters of 
thickened fluids. These are: 
 Oscillatory Mode: 
o Oscillatory Time Sweep– to observe the thickening behaviour of the material over a 
given time period.  
o Frequency Sweep – to determine the rheological properties of the material at 
different frequencies. 
 Steady Mode: 
o Steady Shear – to determine the apparent viscosity of the material. 
o Step rate – to measure the apparent yield stress of the material. 
Details of each of these tests are given below. 
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3.4.2.1 Oscillatory Time Sweep 
Once a material’s LVR has been determined, an oscillatory time sweep can be performed to 
measure the complex viscosity, |η*| as a function of time from initial mixing with the thickener. 
The purpose of this test was to observe the thickening behaviour of the material and to determine 
the required standing time of the fluid once it has been mixed with the thickener (time taken from 
initial mixing until it reached 90% of equilibrium viscosity). Therefore this test indicates how long 
is required until the fluid is safe to drink, and how long it remains safe to drink. The tests were 
performed at the constant strain amplitude of 0.1% selected and a constant frequency of 50 rad/s. 
The tests were performed for a total of 30 minutes, with a recording of viscosity every 30 seconds. 
The measurements were repeated in duplicate with different samples used.  
3.4.2.2 Steady Shear Test 
Steady shear sweep tests were performed to measure the shear stress and hence the apparent 
viscosity of the fluids. The shear rate range chosen was 1 - 100 s-1, as this corresponds to the typical 
values for shear rates during swallowing reported in the literature (Christensen, 1984, Sworn and 
France, 2009). Prior to the test, the samples were allowed to stand for at least 15 minutes to reach an 
equilibrium viscosity. The measurements were repeated in duplicate with different samples used.  
3.4.2.3 Frequency Sweep 
A frequency sweep was performed to determine the complex viscosity, |η*| of the material 
as a function of frequency, ω. It should be noted that thickened fluids are non-Newtonian fluids 
(Garcia et al., 2005), thus a measurement of viscosity as a function of strain rate is needed. 
However, it is believed that steady shear measurement will disturb the structure of the fluid. 
Therefore, this test was performed to follow the thickening of the fluid without disturbing the 
structure of the fluid while shearing and was used to relate the results of thickened fluids after 
thickening to the oscillatory time sweep measurement. The frequency range chosen was 
1 - 100 rad/s. The tests were performed at constant strain amplitude 0.1%. Prior to the test, the 
samples were allowed to stand for at least 15 minutes to reach an equilibrium viscosity. The 
measurements were repeated in duplicate with different samples used.  
The ratio of equilibrium complex viscosity obtained from the oscillatory measurement 
(in rad/s) and equilibrium apparent viscosity from the steady shear measurement (in s-1) was 
calculated and the value of this ratio at 50 rad/s and 50 s-1 used to rescale the oscillatory data 
obtained in the time sweep experiment. Additionally, the ratio, which represents deviation from the 
Cox-Merz relationship was related to the degree of structure in the thickened fluids. If the ratio is 1 
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(i.e. apparent viscosity is equal to complex viscosity, thus Cox-Merz is valid), this shows that the 
fluid does not have a structure which changes with shear (Macosko, 1994). However, if the ratio is 
further from unity, this shows that the structure of the fluid is more disturbed when it is sheared. A 
frequency/shear rate of 50 was chosen as this is a value most often used in the literature (Popa Nita 
et al., 2013). 
3.4.2.4 Step Rate Test 
A step rate test was performed to measure the apparent yield stress, τy of the material. This 
was done by measuring the shear stress during the start-up of steady shear and recording the peak 
value of the stress overshoot (see Figure 3.3). In this test, the samples were sheared slowly at 0.1 s-1 
for 60 seconds. It should be noted that the shear rate should not be too high as it will break down the 
structure of the fluid too quickly. Similarly, the shear rate should not be too low as it may not be 
able break the structure of the fluid at all (Magnin and Piau, 1987). It was observed that this test has 
a larger amount of inter-sample variation than the other rheological tests. Therefore, the 
measurements of this test were repeated in triplicate.  
 
Figure 3.3: Typical step rate test measurement showing apparent yield stress, τy and equilibrium stress, τe. 
τy 
τe 
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3.4.3 Statistical Analysis 
For viscosity and yield stress comparisons, analysis of variance (ANOVA) of complex 
viscosity at 50 rad/s and apparent viscosity at 50 s-1 was carried out to determine whether there were 
any statistically significant differences (p = 0.05). Tukey’s method was selected to categorise the 
differences. A p-value below 0.05 was regarded as statistically significant. The statistical analysis 
was performed using Minitab 17 Statistical Software. 
3.4.4 Results  
The rheological properties of thickened water at different thickness levels using RTC, 
Instant Thick, Precise Thick-N and Nutilis thickener have been summarised in Table 3.4. 
Figure 3.4 shows the thickening behaviour of water thickened with a range of different types 
of thickener products at Australia’s Level 400 – Moderately thick consistency. It can be seen that 
for all thickener products the viscosity increased over time until it reached an equilibrium value. It 
was found that the time taken from initial mixing until 90% of the equilibrium viscosity was 
reached was less than 2 minutes for RTC, Instant Thick and Precise Thick-N, however it took 
approximately 10 minutes for water thickened with Nutilis to reach 90% of the equilibrium 
viscosity. It is worth noting that although the recipes followed for each of these four products 
claimed to give the same level (Level 400), the thickening time and the equilibrium viscosity of 
these products with water were different. This shows that there are variations in the rheological 
characterisation of thickened water prepared using different commercial thickeners to the 
manufacturer’s specifications. It is hypothesised that the differences of the rheological 
characterisation may be both due to different ingredients of the products (e.g. xanthan gum, mixture 
of xanthan gum and starch), which affect the thickening dynamics and also to the lack of clarity in 
the description of the Australian Standardised Terminology of Thickened Fluids which might 
influence the viscosities targeted by the manufacturers. 
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Figure 3.4: Thickening dynamic of thickened water using different thickener products at level 400 consistency. Frequency 50 
rad/s and 0.1% strain 
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Table 3.4: Rheological properties of thickened water for RTC, Instant Thick, Precise Thick-N and Nutilis thickener 
Thickness 
Level Thickener Thickening timea (min) 
Oscillatory Steady Apparent yield 
stress (Pa) Complex viscosity at 50 rad/s (Pa.s) n 
Apparent viscosity 
at 50 s-1 (Pa.s) n 
150  
Mildly Thick 
RTC 2 0.28 ± 0.04 (E) 0.29 0.10 ± 0.01 (D,E) 0.20 1.56 ± 0.28 (F) 
Instant Thick 1 0.28 ± 0.02 (E) 0.33 0.06 ± 0.01 (E) 0.41 1.12 ± 0.14 (F) 
Precise Thick-N 1 0.28 ± 0.04 (E) 0.28 0.10 ± 0.02 (D,E) 0.17 1.90 ± 0.90 (F) 
Nutilis 5 0.52 ± 0.20 (D) 0.38 0.22 ± 0.07 (C) 0.28 2.16 ± 0.17 (F) 
400 
Moderately 
Thick 
RTC 2 0.63 ± 0.05 (D) 0.22 0.26 ± 0.01 (C) 0.10 6.41 ± 0.96 (E) 
Instant Thick 1 0.88 ± 0.16 (D) 0.18 0.16 ± 0.03 (D) 0.27 6.96 ± 0.53 (E) 
Precise Thick-N 2 0.79 ± 0.01 (D) 0.16 0.29 ± 0.01 (C) 0.14 8.44 ± 0.01 (E) 
Nutilis 10 1.77 ± 0.45 (B,C) 0.26 0.56 ± 0.15 (B) 0.23 7.21 ± 1.26 (E) 
900 
Extremely 
Thick 
RTC 2 1.28 ± 0.16 (C) 0.16 0.38 ± 0.01 (B) 0.12 8.23 ± 0.47 (C) 
Instant Thick 1 1.99 ± 0.23 (B) 0.15 0.44 ± 0.05 (B) 0.10 10.2 ± 0.37 (C) 
Precise Thick-N 4 1.78 ± 0.15 (B) 0.12 0.59 ± 0.02 (B) 0.12 18.8 ± 1.39 (A) 
Nutilis 10 4.08 ± 1.01 (A) 0.20 1.52 ± 0.31 (A) 0.26 14.5 ± 0.87 (B) 
Note: ± values are 95% confidence interval. *Mean values that do not share a letter within a column are significantly different (p<0.05). aIncludes approx. 1 min of loading time  
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Figure 3.5 shows the complex viscosity for thickened water at a range of frequencies for 
different thickness levels with different types of thickener products. It can be seen that the fluids 
exhibited shear-thinning behaviour (n < 1) regardless of the thickness level and the type of 
thickener product. This behaviour is similar to that observed in other thickened fluids reported in 
previous studies (Garcia et al., 2005, Sopade et al., 2007). The power law index (n) represents how 
sensitive the fluid viscosity is to the shear rate (i.e. degree of shear-thinning). It was observed that 
all the n values are approximately between 0.1 – 0.3 (i.e. highly shear-thinning behaviour) which is 
similar to the power law index value reported by (Cho et al., 2012).  
 
Figure 3.5: Oscillatory viscosity profile of thickened water using different thickener products at 0.1% strain. 
It can be seen from Table 3.4 that the complex viscosity results obtained by oscillatory 
measurements are different from the apparent viscosity results obtained by steady shear 
measurements. This shows that the samples do not obey the Cox-Merz rule equivalence (Cox and 
Merz, 1958). This result supports the finding from Mackley et al. (2013). The mean calculated ratio 
between these two viscosities for thickened fluid measurement: oscillatory data (at 50 rad/s) to 
shear data (at 50 s-1), is summarised in Table 3.5 and is a measure of the degree of structure in the 
fluid. The ratio of viscosities for the Instant Thick samples in comparison with other thickeners is 
further from unity, meaning there is bigger difference between the two measures of viscosity. This 
shows that the structure of Instant Thick samples is more disturbed when it is sheared compared to 
other thickener samples.  
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Table 3.5: The ratio between complex viscosity at 50 rad/s and apparent viscosity at 50 s-1 for all thickener products 
 RTC Instant thick Precise Thick-N Nutilis 
Ratio ቀ ఎሺହ଴	௦షభሻ|ఎ∗|ሺହ଴	௥௔ௗ/௦ሻቁ 0.35 ± 0.07 0.20 ± 0.01 0.35 ± 0.02 0.37 ± 0.06 
Note: ± values are 95% confidence interval 
Regardless of the type of thickener used, it can be seen that the apparent yield stress 
increased as the thickness level is increased. This result was expected as the relative magnitude of 
both the viscous and yield stress contributions increase as the concentration of the thickener 
increases, thus more stress is required to initiate flow (Cho et al., 2012) as discussed in section 
2.4.3. From Table 3.4, it was observed that the apparent yield stress of all fluids at Level 150 were 
similar (p > 0.10). Similar results were seen for Level 400 fluids but at Level 900 a difference in 
apparent yield stress between thickener products becomes noticeable (p < 0.01).  
3.4.5 Discussion 
Water was thickened using four different commercial thickeners, according to 
manufacturers’ instructions. It was seen that the time required to reach equilibrium viscosity for 
Nutilis was significantly longer than for other types of thickeners (p < 0.01) (Figure 3.4). It was 
suspected that this occurred because of the modified maize starch used as one of the thickening 
ingredients in Nutilis powder. Previous studies showed that starch based thickeners have a longer 
standing time than gum based thickeners (Garcia et al., 2005).  
From Table 3.4, it can be seen that the apparent viscosity of RTC thickened water is similar 
to the apparent viscosity of Precise Thick-N thickened water. However, it was observed that there 
are variabilities in viscosity among other thickener products (Figure 3.5). Although the fluids were 
thickened to a similar level of fluid thickness based on the manufacturer’s instructions, the complex 
and apparent viscosities of the fluids were observed to be significantly different (p < 0.01). Nutilis 
thickener was generally thicker than other thickeners used in this experiment. Moreover, the 
viscosity of Level 150 Nutilis had a similar viscosity to Level 400 of other thickeners and Level 400 
Nutilis had a similar viscosity to Level 900 of other thickeners. Similarly, the apparent viscosity of 
Instant Thick thickened water is lower than both RTC and Precise Thick-N thickened water for 
Level 150 and Level 400 fluid thickness. This is because the structure of Instant Thick thickened 
water is more disturbed when it is sheared (i.e. apparent viscosity is much lower than complex 
viscosity) than both RTC and Precise Thick-N thickened water. This clearly shows that there are 
variabilities in the viscosity of the fluids when using available commercial thickener products. This 
may endanger patients as they will consume different thicknesses of thickened fluids when they use 
different thickener products. The results obtained from this experiment provide justification to 
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conduct future research to investigate if the statistical difference between thickener products has a 
clinically significant impact on patient’s swallowing safety.  
Similar to viscosity results, there were variabilities in the yield stress measures of the fluids 
at high thickness levels among different thickener products. It can be seen that there are clear 
differences between all samples regardless of whether starch based or gum based thickener is used. 
This suggests that the difference in yield stress may also be due to other ingredients of the 
thickener. 
As discussed in Chapter 2, approximately 15 kPa is required for swallowing water and 
approximately 20 kPa needed to swallow thickened fluids for healthy individuals (Steele et al., 
2014b). It should also be noted that the tongue strength values for individuals with dysphagia are 
likely to be less than those of healthy individuals (Butler et al., 2011). Although the apparent yield 
stress values noted in this experiment may be negligible (up to 15 Pa), the yield stress of the fluid 
may play an important role in low technology measuring devices, such as the Bostwick 
Consistometer or Line Spread Test. Saliva plays a critical role in facilitating movement of the bolus 
through the oral cavity and pharynx. Individuals with dysphagia are typically dehydrated and may 
present with dry mouth (particularly those who have had radiation therapy for head and neck 
cancer). Thus in addition to overcoming the yield stress presented by the material itself, the tongue 
must also propel the bolus over dry boundary conditions (Stokes et al., 2013). The hydrophilic 
nature of the thickeners further exacerbates the dry boundary conditions and hence resistance to 
flow. In vivo studies of individuals with dysphagia, taking note of both mouth wetness and tongue 
strength while swallowing a range of liquid thickness levels, are required to determine the relative 
influence of yield stress vs. apparent viscosity on ease of swallowing (how much effort to swallow 
the bolus). 
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3.5 Experiment 3 – Thickened Fluids with Different Dispersing Media 
Variability in rheological measurement has previously been observed within a thickener 
product when used with different dispersing media (Garcia et al., 2005). It was observed that 
variability in viscosity measurements was noted within a product line for thickening various liquids. 
In particular, orange juice and 2% milk were the most viscous fluids at a given concentration of 
thickener after 30 minutes. In this experiment, the rheological characterisation of thickened fluids in 
different dispersing media (e.g. water, milk, alcohol) was conducted to observe the variabilities in 
rheological behaviour for different types of fluids.  
3.5.1 Materials & Methods 
The commercial thickener product selected for analysis was Resource ThickenUp® Clear 
(Nestlé). Eight different types of fluids were observed in this experiment. The fluids were: Brisbane 
tap water, full cream long-life milk (Devondale), coffee (Nescafé Blend 43, Nestlé), orange juice 
(Woolworth’s Selection), apple juice (Woolworth’s selection), carbonated drink (Coca ColaTM), 
beer (XXXX®) and South Eastern Australia red wine (Merlot).   
There was difficulty encountered when mixing the thickener with Coca ColaTM and beer. A 
significant amount of foam was produced due to nucleation as the thickener powder was added and 
stirred vigorously. The small particles of powder provide surfaces where the carbon dioxide 
molecules were collected and formed larger bubbles of gas that rise to the top of the liquid (Gardner 
et al., 2010). Due to this, the thickener was dissolved in the foam, thus thickening the foam instead 
of the liquid. To prevent this occurrence, the samples needed to be stirred carefully to reduce the 
amount of foam produced when thickener was added. However, it was found that if the sample 
preparation for thickened Coca ColaTM was too long, the drink lost the dissolved carbon dioxide in 
the fluid and the taste/mouthfeel of the drink was found to be flat. Therefore, it was decided to 
remove thickened Coca ColaTM from this experiment. It was found that paste thickener (Precise 
Thick-N) was more suitable to thicken carbonated beverages because the thickener is more readily 
dissolved directly in the fluid (not reported in this chapter, see results in Appendix A.3). 
Temperatures of test fluids were chosen to reflect typical serving temperatures for cold 
(milk and beer) and hot (coffee) drinks, which would be suitable for individuals with dysphagia to 
consume. A typical serving temperature for cold drinks was chosen to be 8°C. To achieve this 
temperature, ice was used. The ice was stirred until it was all melted prior adding the thickener. A 
typical serving temperature for hot drinks was chosen to be 40°C. The threshold for oral pain has 
been reported at 47°C for the dorsal surface of the tongue and the inner wall of the lower lip for 
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healthy individuals (Green, 1985). In addition, a temperature of 70°C can cause significant burns 
within 1 second whilst a temperature of 60°C can cause burns within 5 seconds (Lee et al., 2003). 
Individuals with dysphagia often have a longer oral transit time (5 – 10 sec) and pharyngeal transit 
time (>3 sec) than healthy individuals (1 sec each for oral and pharyngeal transit times) (Mann, 
2002). An increase in the time the liquid spends within the oral cavity increases the likelihood of 
oral burns (Lee et al., 2003). Therefore ~40°C was chosen as a reasonable temperature for 
individuals with dysphagia to be consuming warm drinks safely and thus used as the testing 
temperature for warm thickened liquids. A domestic kettle was used to raise the temperature to the 
desired level. 
Prior to adding the thickener, coffee was prepared according to the mixing instructions on 
the manufacturer labelling (1.7 g in 170 mL of water). All of the samples were thickened to Level 
150, Level 400 and Level 900 thickness level according to the Resource ThickenUp® Clear 
recommended dosage (Table 3.2). The nutrition composition of the fluids as per manufacturer 
labelling and the testing temperature are summarised in Table 3.6. 
All rheological tests were performed on Thermo Scientific Rheoscope 1 as described in 
Section 3.4.2. The rheological tests that were performed in this experiment were: oscillatory time 
sweep, frequency sweep, steady shear test and step rate test. An oscillatory time sweep test was 
performed for a total of 30 minutes recording viscosity every 30 seconds. Prior to the frequency 
sweep, steady shear and step rate test, the samples were allowed to stand for at least 30 minutes to 
reach an equilibrium viscosity. The temperature of the samples was maintained by a water 
circulator. Step rate tests were repeated in triplicate, while other measurements were done in 
duplicate.  
3.5.2 Statistical Analysis 
For viscosity and yield stress comparisons, analysis of variance (ANOVA) of complex 
viscosity at 50 rad/s and apparent viscosity at 50 s-1 was carried out to determine whether there were 
any statistically significant differences (p = 0.05). Tukey’s method was selected to categorise the 
differences. A p-value below 0.05 was regarded as statistically significant. The statistical analysis 
was performed using Minitab 17 Statistical Software. 
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3.5.3 Results 
The rheological properties of thickened fluids with different dispersing media at Level 900 
have been summarised in Table 3.7. The complete results of all the rheological properties of all 
thickness levels can be found in Appendix A.4.  
Figure 3.6 shows the thickening behaviour of thickened fluids with different dispersing 
media at Australia’s Level 900 – Extremely thick consistency according to the manufacturer’s 
recommended dosage and Figure 3.7 shows the apparent viscosity in steady shear at 50 s-1 for 
different thickener concentrations of thickened fluids.  
 
 
 
 
Figure 3.6: Thickening dynamic of thickened fluids with dispersing media at Level 900 consistency. Frequency 50 rad/s and 
0.1% strain. 
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Table 3.6: Composition of fluids per 100 mL used in the experiment 
 Water Milk Coffee Beer Wine Orange Juice Apple Juice 
Composition of fluids per 100 mL   
Water (g) 100 88 99 98 97 89 88 
Carbohydrates (g) - 5.2 <1 1.9 2.7 9.6 11.5 
Protein (g) - 3.3 <1 0.2 0.1 0.6 <0.1 
Fat (g) - 3.4 <1 <0.1 - <0.1 <0.1 
Calcium (mg) - 120 - - - - - 
Sodium (mg) - 50 <1 10 5 2 3 
Potassium (mg) - - - 27 99 - - 
Testing temperature (°C)* 20 8 40 8 20 20 20 
Notes: *Temperature has variations of ± 1°C 
 
Table 3.7: Rheological properties of thickened fluids with different dispersing medium. Level 900 consistency. 
Dispersing 
medium Thickening time (min)a 
Oscillatory Steady Apparent yield stress 
(Pa) Complex viscosity at 50 rad/s (Pa.s) n 
Apparent viscosity at 
50 s-1 (Pa.s) n 
Water  2 1.28 ± 0.16 (D) 0.16 0.38 ± 0.01 (C) 0.12     8.23 ± 0.47 (D) 
Milk 17    1.80 ± 0.01 (B,C) 0.16     0.66 ± 0.08 (A,B) 0.11     23.0 ± 2.01 (A) 
Coffee 2 1.38 ± 0.04 (D) 0.13 0.42 ± 0.01 (C) 0.07     15.2 ± 1.20 (C) 
Beer 8 1.96 ± 0.39 (B) 0.12 0.41 ± 0.08 (C) 0.08     17.2 ± 1.21 (C) 
Wine 20 3.13 ± 0.28 (A) 0.20 0.72 ± 0.06 (A) 0.25     22.6 ± 1.20 (A) 
Orange Juice 7 2.17 ± 0.04 (B) 0.13 0.58 ± 0.03 (B) 0.07     19.6 ± 0.86 (B) 
Apple Juice 7 1.98 ± 0.13 (B) 0.13 0.54 ± 0.04 (B) 0.08     19.6 ± 1.12 (B) 
Note: ± values are 95% confidence interval. *Mean values that do not share a letter within a column are significantly different (p<0.05). aIncludes approx. 1 min of loading time. 
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Figure 3.7: Apparent viscosity of thickened fluids with different dispersing media at different thickener concentrations 
Similar to the previous experiment, the ratio between complex viscosity (at 50 rad/s) and 
apparent viscosity (at 50 s-1) for each type of fluids was calculated. The mean value of this ratio is 
summarised in Table 3.8.  
Table 3.8: The ratio between complex viscosity at 50 rad/s and apparent viscosity at 50 s-1 for different dispersing media 
Dispersing Media Ratio ቀ ఎሺହ଴	௦షభሻ|ఎ∗|ሺହ଴	௥௔ௗ/௦ሻቁ 
Water  0.35 ± 0.07 
Milk 0.35 ± 0.02 
Coffee 0.31 ± 0.01 
Beer 0.21 ± 0.01 
Wine 0.23 ± 0.04 
Orange Juice 0.27 ± 0.01 
Apple Juice 0.27 ± 0.01 
Note: ± values are 95% confidence interval. 
Figure 3.8 summarises the relationship between apparent shear viscosity at 50 s-1 and the 
apparent yield stress of thickened water with different commercial thickeners and RTC at different 
dispersing media (RTC-other fluids, i.e. milk, coffee, beer, wine, orange juice and apple juice) 
(results from Section 3.4, Section 3.5 & Chapter 7 for RTC-water).  
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 Figure 3.8: Relationship between apparent shear viscosity at 50 s-1 and apparent yield stress of thickened water with 
different commercial thickeners and for RTC with different dispersing media (RTC-other fluids).  
3.5.4 Discussion 
It can be seen in Figure 3.6 that the standing time for thickened fluids is dependent on the 
dispersing medium (p < 0.01). Less than 2 minutes are required for thickened water and thickened 
coffee to reach an equilibrium viscosity. However, thickened milk and thickened wine required 
much longer time to reach equilibrium. Additionally, the viscosity of the fluids shown in Figure 3.7 
was also highly dependent on the dispersing medium (p < 0.01). It can be seen that the apparent 
viscosity of thickened milk and wine is generally higher than thickened water, even though the 
same amount of thickener was added.  
The results obtained from this experiment support Garcia et al. (2005) and O'Leary et al. 
(2010) which showed that the viscosity and the standing time of the fluids was highly dependent on 
the dispersing media. This suggests that for example patients will need to wait longer before 
consuming the fluid when they are given freshly made up thickened milk than thickened water. This 
variability could be caused by a number of factors, including temperature, pH and fluid 
composition, such as carbohydrate, protein, fat and minerals that are present in the fluid. This will 
be further discussed in Chapters 4 and 5. 
The ratio of viscosities shown in Table 3.8 for thickened beer and thickened wine in 
comparison with other fluids is lower. This may be due to the presence of alcohol in the fluid that 
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affects the degree of structure in the fluid. Furthermore, there are variabilities in the apparent yield 
stress of the fluids with different dispersing medium. The apparent yield stress generally increases 
as the apparent viscosity increases. This is because with higher viscosity fluids, the water molecules 
form stronger hydrogen bonds bringing them closer to each other, thus more stress is required to 
break the structure of the fluid (Sworn and France, 2009). These results support results obtained by 
Sopade et al. (2007), Sopade et al. (2008a) and Sopade et al. (2008b) regarding the rheological 
behaviour of thickened fluids with different dispersing media.  
From Figure 3.8, it can be seen that the viscosity-yield stress relationship for some of the 
thickener products are different (e.g. RTC compared to Nutilis). It is noted from Table 3.1 that the 
ingredients for RTC and Instant Thick are similar, thus the viscosity-yield stress relationship is 
similar. However, it was also observed that the viscosity-yield stress relationship of RTC thickened 
water is different to RTC with other fluids. This result suggests that the viscosity-yield stress 
relationship is also dependent on the dispersing media. It is believed that the viscosity-yield stress 
relationship of the fluid is dependent on the degree of structure within the fluid. The higher the 
viscosity-yield stress slope, the higher the degree of structure that exists in the fluid. Therefore, it 
can be seen from Figure 3.8 that RTC-other fluids have higher degree of structure compared to 
RTC-water. This also can be seen in Table 3.8 where the ratio between the apparent viscosity and 
the complex viscosity of other dispersing media (with the exception of milk) is further from unity.  
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3.6 Experiment 4 – Pre-Thickened vs. Hand-Thickened Drinks 
Several commercial pre-thickened fluids are sold on the market, which allows for close 
control of viscosity and saves time in preparation (Kotecki and Schmidt, 2010). This type of 
product is commonly used in hospitals and in some aged care centres. Although dysphagic patients 
are given pre-thickened fluids while they are in the hospital, when they are discharged, they often 
prefer to thicken their drinks by hand (i.e. hand-thickened) to the prescribed level to improve 
variety. In order to determine whether there is consistency between pre-thickened drinks and 
hand-thickened drinks, rheological characterisation of both pre-thickened and hand-thickened 
liquids was examined at different fluid thickness levels. 
3.6.1 Materials & Methods 
The pre-thickened fluids used in this experiment were ‘ready to drink’ thickened fluids 
manufactured by Flavour Creations. These products are commonly used in Brisbane hospitals and 
aged care facilities. The pre-thickened fluid results were compared with those obtained from the 
‘Instant Thick’ thickener because both the pre-thickened fluid and Instant Thick thickener powder 
used to make the hand-thickened samples were manufactured by Flavour Creations (Brisbane, 
Australia). Six samples of ‘ready to drink’ pre-thickened fluids were obtained: pre-thickened water 
and pre-thickened cream dairy (milk) at each of Australia’s three thickness levels was assessed. 
Sample preparation was not necessary for the ‘ready to drink’ pre-thickened fluids. Additionally, 
six samples of hand-thickened fluids were prepared; thickened water and thickened full cream milk 
(Devondale long-life milk) at each of Australia’s three fluid thickness levels were prepared 
according to the Instant Thick recommended dosage (Table 3.2).  
All rheological tests were performed on the Thermo Scientific Rheoscope 1 as described in 
Section 3.4.2. The rheological tests that were performed in this experiment were: oscillatory time 
sweep, frequency sweep, steady shear test and step rate test. An oscillatory time sweep test was 
only performed on hand-thickened samples as the pre-thickened samples had already been 
thickened and were ready to use. The viscosity was recorded every 30 seconds for a total of 30 
minutes. Prior to the frequency sweep, steady shear and step rate test, the samples were allowed to 
stand for at least 30 minutes to reach an equilibrium viscosity. The temperature of the samples was 
maintained by a water circulator at 20°C ± 1°C. Step rate tests were repeated in triplicate, while 
other measurements were done in duplicate. 
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3.6.2 Statistical Analysis 
For viscosity and yield stress comparisons, analysis of variance (ANOVA) of complex 
viscosity at 50 rad/s and apparent viscosity at 50 s-1 was carried out to determine whether there were 
any statistically significant differences (p = 0.05). Tukey’s method was selected to categorise the 
differences. A p-value below 0.05 was regarded as statistically significant. The statistical analysis 
was performed using Minitab 16 Statistical Software. 
3.6.3 Results 
Figure 3.9 and Figure 3.10 shows (a) the complex viscosity at a range of frequencies and 
(b) the apparent viscosity at a range of shear rates at different thickness levels for water and cream 
dairy for ‘ready to drink’ pre-thickened and ‘instant thick’ hand-thickened fluid respectively. It can 
be seen that the fluids all exhibited shear-thinning behaviour.  
The rheological properties of ‘ready to drink’ pre-thickened fluids and hand-thickened 
‘instant thick’ fluids are summarised in Table 3.9.  
Table 3.9: Rheological properties of 'ready to drink' pre-thickened water and cream and 'instant thick' hand-thickened water 
and milk 
  Thickening 
time (min)a 
Complex viscosity 
at 50 rad/s (Pa.s) 
Apparent viscosity 
at 50 s-1 (Pa.s) 
Apparent yield 
stress (Pa) 
‘ready to drink’     
Water 150 -   0.39 ± 0.01 (F,G)   0.16 ± 0.01 (E)   4.21 ± 0.41 (E) 
400 -   0.66 ± 0.02 (E,F)   0.24 ± 0.01 (E)   6.78 ± 0.18 (D) 
900 -   1.29 ± 0.06 (D)   0.58 ± 0.02 (C)   17.0 ± 0.32 (B) 
Cream dairy 150 -   0.48 ± 0.05 (F,G)   0.22 ± 0.01 (E)   2.15 ± 0.14 (F) 
400 -   1.43 ± 0.14 (D)   0.59 ± 0.03 (C)   6.20 ± 0.54 (D) 
900 -   2.82 ± 0.26 (B)   0.86 ± 0.11 (B)   17.2 ± 1.36 (B) 
‘Instant thick’     
Water 150 1   0.28 ± 0.02 (F,G)   0.06 ± 0.01 (F)   1.08 ± 0.04 (F) 
400 1   0.88 ± 0.16 (E)   0.16 ± 0.03 (E)   6.96 ± 0.53 (D) 
900 1   1.99 ± 0.23 (C)   0.44 ± 0.05 (D)   10.2 ± 0.37 (C) 
Full cream milk 150 1   0.25 ± 0.07 (G)   0.05 ± 0.03 (F)   0.61 ± 0.04 (F) 
400 19   1.56 ± 0.16 (D)   0.44 ± 0.04 (D)   10.2 ± 0.38 (C) 
900 21   6.31 ± 0.22 (A)   1.33 ± 0.06 (A)   30.9 ± 1.14 (A) 
Note: ± values are 95% confidence interval. *Mean values that do not share a letter within a column are statistically 
different (p < 0.05). aInclude approx. 1 min of loading time 
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Figure 3.9: Viscosity profile of 'ready to drink' pre-thickened water and cream in (a) oscillatory mode, (b) steady mode. 
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Figure 3.10: Viscosity profile of Instant Thick hand-thickened water and milk in (a) oscillatory mode, (b) steady mode. 
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The mean value of this ratio for ‘ready to drink’ pre-thickened water and cream and 
hand-thickened ‘instant thick’ water and milk is summarised in Table 3.10. It can be seen that the 
structure of Instant Thick samples is more disturbed when it is sheared than ‘ready to drink’ 
pre-thickened fluids.  
Table 3.10: The ratio between complex viscosity at 50 rad/s and apparent viscosity at 50 s-1 for ‘ready to drink’ 
pre-thickened fluids and hand-thickened ‘Instant thick’ fluids 
 ‘ready to drink’ Instant Thick 
 Water Cream dairy Water Milk 
Ratio  ቀ ఎሺହ଴	௦షభሻ|ఎ∗|ሺହ଴	௥௔ௗ/௦ሻቁ 0.41 ± 0.03 0.39 ± 0.04 0.20 ± 0.01 0.23 ± 0.03 
Note: ± values are 95% confidence interval. 
3.6.4 Discussion 
Some manufacturers offer both ready-to-use products and thickener powder to allow for 
hand thickening of drinks. There is an assumption that if manufacturer guidelines are followed that 
for any given pre-thickened beverage offered by the manufacturer, that different flavours and 
indeed the hand-thickened equivalent from the same manufacturer will have very similar if not the 
same rheological and flow properties. Comparisons between pre-thickened and hand-thickened 
fluids from this experiment using products from the same manufacturer showed the following: 
(1) pre-thickened cream at each consistency level has higher viscosity (both complex and apparent) 
than pre-thickened water, (2) hand-thickened milk has higher viscosity (both complex and apparent) 
than hand-thickened water, (3) viscosity variations (both complex and apparent) across 
pre-thickened fluids and hand-thickened fluids products at each level consistencies were observed.  
From Table 3.9, it can be seen that both complex and apparent viscosity of ‘ready to drink’ 
pre-thickened water is lower than the pre-thickened cream for all level thickness (p < 0.01). 
Interestingly, Figure 3.9 shows that pre-thickened cream at level 150 has a similar apparent 
viscosity to pre-thickened water at level 400 (p > 0.08). Similarly, pre-thickened cream at level 400 
has an equivalent thickness to pre-thickened water at level 900 (p > 0.40). This suggests that 
patients will be drinking two different thickness levels when they are given pre-thickened water and 
pre-thickened cream.  
From Table 3.9, it can be seen that the apparent yield stress is higher as the thickness level is 
increased, regardless of the type of fluids (pre-thickened or hand-thickened, water or milk). This 
shows that higher swallowing pressures are required to initiate the flow for swallowing liquids of 
higher thickness levels. Furthermore, the apparent yield stress of pre-thickened water is similar to 
pre-thickened cream (p > 0.05) with the exception of level 150. Interestingly, even though the 
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apparent viscosity of pre-thickened water at level 400 is equivalent to pre-thickened cream at level 
150, the apparent yield stress is equivalent to the pre-thickened cream at level 400. A similar trend 
was also observed at level 900. This suggests that the thickness consistency levels of ‘ready to 
drink’ products were differentiated on the apparent yield stress of the product, rather than the 
apparent viscosity.  
Similarly, the complex and apparent viscosity of hand-thickened water is lower than 
hand-thickened milk with the exception of level 150. It was suspected that the powder did not 
dissolve completely at level 150 hand-thickened water and milk which may explain much lower 
values compared to other thickener products. However, this is out-of-scope from the study and 
further research is required on the dissolution of the thickener to verify this reasoning. Additionally, 
the apparent yield stress of hand-thickened milk is higher than the hand-thickened water (p < 0.05) 
due to higher viscosity.  
The scaling factor shown in Table 3.10 for the pre-thickened samples is closer to unity than 
hand-thickened samples. This indicates that the structure of pre-thickened drinks is less disturbed 
when sheared to that of hand-thickened drinks. This is suspected due to the stability of structures of 
the samples. ‘Ready to drink’ pre-thickened fluids have to be stable over a long period of time 
during storage, whilst the interactions in the hand-thickened Instant Thick are still dynamically 
occurring. This suggests that patients may have different ‘mouth feel’ when swallowing (disturbed 
structure) pre-thickened and hand-thickened fluids, even though they look similar in the cup 
(undisturbed structure).  
It can be seen that the complex and apparent viscosity for pre-thickened water is higher than 
hand-thickened water (p < 0.01). This may be because of the different ingredients in the products 
(see Table 3.1) which may vary the rheological behaviour of the fluids, such as preservative, salt 
and acidity regulator. Similarly, viscosity variations across pre-thickened cream and hand-thickened 
milk were also observed (p < 0.01) despite all products being produced by the same manufacturer. 
This variability across these products may be a danger to the patients as they will be consuming 
different thickness levels if they switch between pre-thickened and hand-thickened products as may 
occur after they are discharged due to better affordability of hand-thickened fluids. Future studies to 
determine whether the differences are clinically significant are warranted.  
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3.7 Experiment 5 – Thickened Barium Sulphate 
Barium sulphate is commonly used in videofluoroscopy swallow studies (VFSS) to 
determine the nature and the extent of oropharyngeal dysphagia (Hind et al., 2012). It was reported 
that there is inconsistency between the viscosity of thickened barium sulphate used for VFSS and 
thickened fluids served for patients (Cichero et al., 2000b, Cichero et al., 2000a). In this experiment, 
commercial thickened barium sulphate was rheologically characterised to observe the rheological 
behaviour of thickened barium sulphate and compared with thickened water.  
3.7.1 Materials  
The commercial thickener product selected for analysis was Resource ThickenUp® Clear 
(Nestlé). The barium sulphate products used in this experiment were E-Z-HD Barium Sulphate 
powder (E-Z-EM) and Liquibar (MCI Forrest) as these are commonly used for VFSS. Four samples 
of thickened barium sulphate were prepared: E-Z-HD barium sulphate solution, a 50:50 mixture of 
E-Z-HD solution and water, Liquibar and a 50:50 mixture of Liquibar and water.   
The mixtures of the barium sulphates with water were considered to make samples with 
lower density and viscosity, but still radio-opaque to enable viewing of anatomical structures on 
VFSS (Steele and Lieshout, 2005).  
E-Z-HD barium sulphate suspension was prepared based on the manufacturer’s guidelines at 
the back of the bottle as follows: 65 mL of water was added to a bottle that contains 340 g Barium 
Sulphate powder. Subsequently, the bottle was shaken vigorously for 30 seconds and allowed to 
stand for 5 minutes. To ensure complete dissolution, the bottle was then shaken thoroughly once 
more. Liquibar is a liquid barium sulphate, thus no further preparation is required.  
Barium sulphate suspension is prepared in a fluid that has already been slightly thickened to 
slow the settling of the particles. Together with the effect of the particles themselves (the Einstein 
relationship), this results in an apparent viscosity an order of magnitude higher than water 
(~0.01 Pa.s) (Popa Nita et al., 2013, Baron and Alexander, 2003). The samples were thickened to 
different thickener concentrations to determine the amount of thickener required to achieve the 
rheological measures of Level 150 (0.10 Pa.s), Level 400 (0.26 Pa.s) and Level 900 (0.38 Pa.s) at 
50 s-1 for RTC thickened water as per manufacturer recommendations (see Table 3.4).  
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3.7.2 Methodology 
All rheological tests were measured using a Rheometrics ARES rheometer and were 
analysed by TA Orchestrator 7. ARES is a strain-controlled mode rheometer. A couette geometry 
was selected; bob diameter, 32 mm; cup diameter, 34 mm. This geometry was selected as it is 
commonly used for materials that contain suspended solids, such as barium sulphate. The ARES 
rheometer was used in this experiment, as the couette geometry was not available for our 
Rheoscope. 16 mL of fluid samples were placed in the cup for each test measurement performed.  
Similar rheological tests as described in Section 3.4.2 were performed in this experiment: 
oscillatory time sweep, frequency sweep, steady shear test. An oscillatory time sweep test was 
performed for a total of 30 minutes recording viscosity every 30 seconds. The shear stress data as a 
function of shear rate obtained from the steady shear test was fitted to a Herschel-Bulkley 
rheological model to estimate the yield stress of the material. Prior to the frequency sweep and 
steady shear test, the samples were allowed to stand for at least 30 minutes to reach an equilibrium 
viscosity. The temperature of the samples was maintained by a water circulator at 20°C ± 1°C. The 
measurements were repeated in duplicate.  
 
Figure 3.11: Advanced Rheometric Expansion System (ARES) 
3.7.3 Statistical Analysis 
For viscosity and yield stress comparisons, analysis of variance (ANOVA) of complex 
viscosity at 50 rad/s and apparent viscosity at 50 s-1 was carried out to determine whether there were 
any statistically significant differences (p = 0.05). Tukey’s method was selected to categorise the 
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differences. A p-value below 0.05 was regarded as statistically significant. The statistical analysis 
was performed using Minitab 16 Statistical Software. 
3.7.4 Results 
Figure 3.12 shows the apparent viscosity at 50 s-1 for thickened barium sulphate samples as 
a function of thickener concentration. It was observed that the apparent viscosity at 50 s-1 increases 
and best follows a power law model as the thickener concentration increases. It can be seen that the 
viscosity of unthickened Liquibar is 0.83 Pa.s which is higher than the thickener manufacturer’s 
rheological measure for Level 900 (0.38 Pa.s). Therefore, further rheological characterisation of 
Liquibar was not possible as no thickener was added.  
 
Figure 3.12: Apparent viscosity of thickened barium sulphate as function of thickener concentration. Green line = 0.10 Pa.s, 
Purple line = 0.26 Pa.s, Blue line = 0.38 Pa.s 
Table 3.11 summarises the amount of thickener required for the barium sulphate samples to 
achieve rheological measures of Level 150 (0.10 Pa.s), Level 400 (0.26 Pa.s) and Level 900 
(0.38 Pa.s) RTC thickened water. Interpolation of the power law model was applied to calculate the 
required concentration at crossover points with apparent viscosity of 0.10 Pa.s (green line), 
0.26 Pa.s (purple line) and 0.38 Pa.s (blue line).  
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Table 3.11: Mass of RTC required to achieve Australia’s fluid thickness levels according to RTC rheological measures 
Level Apparent viscosity at 50 s-1 (Pa.s) 
Mass (g /100 mL) 
E-Z-HD 50:50 E-Z-HD 
& Water 
Liquibar 50:50 Liquibar 
& Water 
150 0.10 - 0.45 - 0.70 
400 0.26 0 0.95 - 1.54 
900 0.38 0.05 1.25 - 2.00 
Note: (-) indicates that the samples cannot be used to achieve the rheological measures as the unthickened samples 
already had higher viscosity.  
The rheological properties of thickened barium sulphate samples along with the thickened 
water results from Section 3.4 are summarised in Table 3.12. The ratio between complex viscosity 
(at 50 rad/s) and apparent viscosity (at 50 s-1) for each type of fluids was calculated. The mean 
value of this ratio for thickened barium sulphate samples is summarised in Table 3.13. 
3.7.5 Discussion 
Four thickened barium sulphate samples were rheologically characterised. It can be seen 
from Figure 3.12 that the amount of thickener required to reach the rheological measures of RTC 
thickened water at Level 150 (0.10 Pa.s), Level 400 (0.26 Pa.s) and Level 900 (0.38 Pa.s) RTC are 
different between barium sulphate samples. Indeed the viscosity of unthickened Liquibar was 
higher than the rheological measures of Level 900 RTC thickened water, thus further rheological 
tests for undiluted Liquibar was not continued in this study. These results also show that the 
recommended dosage from the manufacturer should not be used to thicken barium sulphate for the 
VFSS as the viscosity of the barium sulphate samples will be higher than the viscosity of thickened 
fluids served for patients.  
 From Table 3.12, it can be seen that the time required to reach equilibrium viscosity for 
thickened barium sulphate was significantly longer than for thickened water (p < 0.01). It was 
observed that the power law index, n of E-Z-HD samples for the apparent shear viscosity was 
different compared with other samples. This is because only a small amount of thickener was added 
to the E-Z-HD solution (0.05 g/100 mL) and therefore the n value is higher than other samples, 
approaching 1 which would be expected in unthickened barium sulphate, which is a Newtonian 
fluid (Rao, 2013). When xanthan gum thickener was added to the suspension of barium sulphate, 
the thickened fluid became non-Newtonian.  
Furthermore, there are variabilities in the apparent yield stress of the thickened barium 
sulphate at Level 900 across the barium sulphate samples even though the apparent viscosity was 
similar. This suggests that patients will require a different swallowing pressure when swallowing a 
bolus during VFSS compared with during mealtimes, even though the viscosity is similar. In 
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addition, although the viscosities of two barium products are similar, there is a higher yield stress 
recorded for diluted Liquibar than diluted E-Z-HD. The two products may provide variable results 
for the same patient. It is suspected that the variabilities in the apparent yield stress were due to 
differences in the density of the barium sulphate (Baron and Alexander, 2003, Dantas et al., 1989). 
Barium sulphate specific recipes for specific brands (e.g. E-Z-HD, Liquibar) should therefore be 
developed to be used in VFSS, to ensure that the viscosity of thickened barium sulphate used for 
VFSS and thickened fluids served for patients are consistent. Yield stress considerations may also 
be required in recipe formulation.   
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Table 3.12: Rheological properties of thickened barium sulphate. Level 900 consistency 
Dispersing 
medium 
Mass of 
Thickener Added 
(g /100 mL) 
Thickening 
time (min) 
Undiluted Apparent 
Viscosity at 50 s-1 
(Pa.s) 
Oscillatory Steady Yield stress from 
Herschel-Bulkley 
model (Pa) 
Complex viscosity 
at 50 rad/s (Pa.s) n 
Apparent viscosity 
at 50 s-1 (Pa.s) n 
Water 3.60 2 0.001 1.28 ± 0.16 (B) 0.16 0.38 ± 0.01 (A) 0.12 12.7 ± 0.47 (B) 
E-Z-HD 0.05 15 0.269 ± 0.013 1.85 ± 0.13 (A) 0.18 0.40 ± 0.05 (A) 0.66 0.97 ± 0.13 (D) 
50:50 E-Z-HD 
& Water 1.25 10 0.004 ± 0.001 1.08 ± 0.12 (B) 0.25 0.42 ± 0.05 (A) 0.16 8.55 ± 1.05 (C) 
50:50 Liquibar 
& Water 2.00 10 0.015 ± 0.001 1.92 ± 0.15 (A) 0.21 0.42 ± 0.07 (A) 0.24 17.6 ± 1.01 (A) 
Note: ± values are 95% confidence interval. *Mean values that do not share a letter within a column are significantly different (p<0.05). aInclude approx. 1 min of loading time 
 
 
 
Table 3.13: The ratio between complex viscosity at 50 rad/s and apparent viscosity at 50 s-1 for different thickened barium sulphate samples 
 E-Z-HD 50:50 E-Z-HD & Water 50:50 Liquibar & Water 
Ratio  ቀ ఎሺହ଴	௦షభሻ|ఎ∗|ሺହ଴	௥௔ௗ/௦ሻቁ 0.21 ± 0.02 0.38 ± 0.02 0.22 ± 0.04 
Note: ± values are 95% confidence interval. 
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3.8 Conclusion 
The rheological properties of thickened fluids across four available commercial thickener 
products, different dispersing media, pre-thickened and hand-thickened fluids and commercially 
available barium sulphate in Australia have been rheologically characterised. Furthermore, the 
density of thickened fluids at different fluid thickness levels was measured.  
It was found that the density of the thickened fluid increases as the mass of thickener added 
is increased. However, this change in density from thin fluid (0 g) to Level 900 (3.6 g) for 
meal-time fluids was not significant. Consequently, it can be concluded that variations in the 
density of thickened fluids used at meal-times is very unlikely to play a major role in swallowing.  
It was found that there are variabilities in rheological parameters (viscosity, yield stress, 
standing time) between different types of thickeners. Nutilis thickened water took a longer time to 
reach equilibrium viscosity than other types of thickener. This is due to the inclusion of modified 
maize starch as one of the thickening ingredients of the product. It is known that starch based 
thickeners require a longer standing time than gum based thickeners for the products to reach 
equilibrium viscosity (Garcia et al., 2005). Furthermore, the apparent viscosity and the yield stress 
of Nutilis powder were higher than other thickener products. These results suggest that patients will 
consume different thickness levels and will require different swallowing pressures to initiate flow 
when they use different thickener products. However, the clinical relevance of these differences 
remains to be investigated. 
Variability in rheological measurement was also observed within a thickener product when 
used with different dispersing media. It was observed that the viscosity of thickened milk and wine 
is higher than thickened water even though the same amount of thickener was added. Similarly, 
thickened wine and thickened milk required a much longer time to reach equilibrium. This 
variability may endanger patients as they consume different beverages. It is suspected that the 
variability was caused by a number of factors, including temperature variation and fluid 
composition; such as carbohydrate, protein, fat and minerals. The effects of these factors on the 
rheological properties of thickened fluids will be further discussed in Chapters 4 and 5. Although 
the manufacturer’s guidelines indicate that the same concentration of thickener can be used 
regardless of the liquid it is being added to, the results from this experiment demonstrate that less 
thickener should be added to certain fluids as compared with water.  
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It is interesting to note that specific instructions to add less thickener for certain fluids were 
given for the discontinued starch based ‘ThickenUp’ from Nestlé. However, all the gum-based 
products currently on the market do not include differing instructions for certain fluids, presumably 
as the manufacturers believe this not to be as great an issue and that it is simpler to give only one set 
of instructions. However, this study shows that it is potentially an issue to add the same 
concentration of thickener for all types of drinks. For example, Instant Thick thickened milk is 
nearly three times thicker than Instant Thick thickened water at Level 400.   
It was observed that the rheological properties of pre-thickened fluids are inconsistent 
compared with hand-thickened fluids from the same manufacturer. Viscosity and yield stress 
variations across pre-thickened fluids and hand-thickened fluids products at each consistency level 
were observed. Additionally, the rheological properties of pre-thickened water and pre-thickened 
cream are different. Pre-thickened water was observed to have lower viscosity than pre-thickened 
cream at the same consistency level. The result suggests that individuals with dysphagia, who 
consume pre-thickened fluids, will consume a different thickness of thickened fluids if they switch 
to a hand-thickened product, despite following the manufacturer’s instructions. The clinical 
relevance of the variabilities observed in viscosity will be further discussed in Chapter 7.  
Furthermore, it was observed that there is inconsistency between the viscosity of thickened 
barium sulphate used for VFSS and thickened fluids served at meal-time for patients. Thickened 
barium sulphate samples generally have a higher viscosity than thickened water because a 
suspension of barium sulphate is naturally a viscous fluid. It was shown that different amounts of 
thickener are required to achieve the rheological measures that are similar to thickened fluids served 
for patients. Therefore, the recommended dosage from the manufacturer should not be used to 
thicken barium sulphate for VFSS. Instead, different recipes for specific brands (e.g. E-Z-HD, 
Liquibar) should be developed to be used in VFSS, to ensure that the viscosity of thickened barium 
sulphate used for VFSS and thickened fluids served for patients are consistent.  
In conclusion, this chapter confirmed that variability was observed among available 
commercial thickener products, dispersing media, pre-thickened fluids and thickened barium. The 
causes of some of these variabilities require further investigation and will be discussed in the next 
chapter. The results of this series of experiments provide information to understand the rheological 
behaviour of thickened fluids and provide the data that could be used to determine which 
rheological properties are important for the application of dysphagia management and for 
measurement in a suitable measuring device (e.g. potentially viscosity and yield stress). 
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CHAPTER	4 	
 
4.1 Introduction 
It is essential as part of dysphagia management to ensure thickened fluids have suitable 
rheological properties to promote safe swallowing. In the previous chapter, it was shown that there 
were variations between different thickened fluids. Rheological variations between different 
thickened fluids mean that dysphagic patients could receive inconsistent levels of thickened 
beverages. There are many factors that affect the ability to reliably produce thickened liquids of a 
consistent level of thickness (Rosenvinge and Starke, 2005, Sopade et al., 2007, Garcia et al., 2005, 
Garcia et al., 2008). To date, it has been established that these factors include solid contents 
(Sopade et al., 2007, Sopade et al., 2008a, Sopade et al., 2008b), pH of the dispersing medium 
(Sopade et al., 2008b, Nicholson et al., 2008, Garcia et al., 2005) and serving temperature (Garcia et 
al., 2008).  
Drinks such as water, tea, juice and milk are commonly served as thickened drinks to 
individuals with dysphagia to maintain hydration levels. Milk is particularly important as it contains 
carbohydrate and protein elements and important minerals such as calcium (Claes et al., 2012, Barr 
et al., 2000). However, as seen in the previous chapter, the rheological behaviour of thickened milk 
is very different than thickened water (higher equilibrium viscosity and longer standing time 
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required). Limited studies can be found regarding the effect of serving temperature and pH of the 
medium or of fat contents on the rheological parameters of thickened fluids.  
The following chapter is divided into two experiments. The first experiment aimed to 
observe the rheological behaviour, including the time required for the fluids to reach equilibrium, of 
thickened water at different temperatures and pH. The second experiment was a similar study of 
thickened milk with different fat contents.  
4.2 Experiment 1 – Thickened Water with Different Temperature and pH 
4.2.1 Materials & Methods 
The commercial thickener product selected for analysis was Resource ThickenUp® Clear 
(Nestlé) and the fluid used in this study was Brisbane tap water. 
4.2.1.1 Sample Preparation 
The samples were prepared as described in Section 3.2.1. Five samples of thickened water 
were prepared, at each of the three thickness levels according to the Resource ThickenUp® Clear 
recommended dosage (Table 3.2) with temperature and pH conditions as described in Table 4.1. As 
a control condition, the water was tested at room temperature (20°C) and untreated at a measured 
pH of 7.70.  
Table 4.1: Detail specifications for thickened water samples 
Samples Temperature (°C)a pHb 
Normal 20 7.7 
High Temperature 40 7.7 
Low Temperature 8 7.7 
High pH 20 9.5 
Low pH 20 2.7 
Notes: aTemperature has variations of ± 1°C; bpH has variations of ± 0.1. 
As described in Section 3.5.1, temperatures of test fluids were chosen to reflect typical 
serving temperatures for cold and hot drinks, which would be suitable for individuals with 
dysphagia to consume. A typical serving temperature for cold drinks was chosen to be 8°C and a 
typical serving temperature for hot drinks was chosen to be 40°C.  
To explore the effect of pH without altering the nutritional value of the fluid, the pH of 
typical acidic (carbonated drinks) and basic (herb tea) drinks were measured and the pH of the 
water adjusted accordingly. Diluted hydrochloric acid was used to decrease the pH to match the pH 
of carbonated drinks (~2.75) (Alkalife, 2012, TNT Dental, 2000), whilst diluted sodium hydroxide 
was used to increase the pH of water to the pH level of herbal tea (~9.5) (Alkalife, 2012). These 
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strong acids/bases were used to increase/decrease the pH to demonstrate the ionic effect of 
dissociation with water molecules without confounding influences such as protein, fat and mineral 
contents (Petkovic, 1982).  
4.2.1.2 Experimental 
All rheological tests were performed on the Thermo Scientific Rheoscope 1 as described in 
Section 3.4.2. The rheological tests that were performed in this experiment were: oscillatory time 
sweep, frequency sweep and steady shear test. An oscillatory time sweep test was performed for a 
total of 30 minutes, recording viscosity every 30 seconds. Prior to the frequency sweep and steady 
shear test, the samples were allowed to stand for at least 5 minutes to reach an equilibrium viscosity 
(as shown in Figure 3.4). The frequency range chosen was 1 – 100 rad/s. The tests were performed 
at constant strain amplitude 0.1%. Additionally, the ratio of dynamic viscosity obtained from the 
oscillatory measurement (in rad/s) and apparent viscosity from steady measurement (in s-1) was 
calculated (See Section 3.4.2.3). The temperature of the samples was maintained by a water 
circulator. The measurements were performed in duplicate.  
4.2.1.3 Analysis 
For the comparison of the viscosity obtained under different conditions, analysis of variance 
(ANOVA) was carried out to determine whether there were any statistically significant differences. 
Tukey’s method was selected to categorize the differences. A p-value below 0.05 was regarded as 
statistically significant. The statistical analysis was performed using Minitab 16 Statistical 
Software.  
The power law model (Equation 2.2) was fitted to the data for viscosity as a function of 
frequency to determine the power law index, n and the Herschel-Bulkley model (Equation 2.8) 
fitted to the data for shear stress as a function of shear rate to estimate the apparent yield stress of 
the fluid.  
4.2.2 Results and Discussion 
During the mixing process, it was observed that the thickener dissolved more easily at high 
temperatures than at low temperatures. The pH of the fluid was recorded before and after the 
addition of the thickener. As can be seen from Table 4.2, the pH of the fluid became more neutral 
after it was mixed with the thickener.  
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Table 4.2: pH of the fluid before and after mixing 
Mass of Thickener (g) pH before mixinga pH after mixinga 
Target pH band   
1.2   
Acidic 2.7 3.3 
Neutral 7.7 7.3 
Basic 9.5 9.2 
2.4   
Acidic 2.7 4.0 
Neutral 7.7 7.2 
Basic 9.5 8.6 
3.6   
Acidic 2.7 4.2 
Neutral 7.7 7.0 
Basic 9.5 8.3 
Note: apH has variation of ± 0.1 
4.2.2.1 Thickening Dynamics 
Figure 4.1 shows the change in complex viscosity of thickened water at differing 
temperatures and pH levels. In all cases, the viscosity increased over time until it reached an 
equilibrium value. The equilibrium viscosity of thickened water generally increased as the 
temperature was decreased. However, as the thickener concentration of the fluid was increased 
(level 900), this difference became less significant (p > 0.70). The viscosity at level 900 was 
approximately the same regardless of the temperature of the sample. Changing the pH of the fluids 
had a negligible effect on the viscosity of water (p > 0.30). These results are to be expected as 
xanthan gum, the main ingredient of the thickener, is not generally affected by changes in pH or 
temperature (Sworn and France, 2009). It is believed that the side chains of the xanthan gum 
molecular structure protect the backbone of the molecular structure from high/low temperature 
variation. This protection is responsible for the excellent stability of the product under adverse 
conditions (Sworn and France, 2009). Therefore, the viscosity of the thickened water was stable at 
low or high temperature as well as low or high pH for a long period of time.  
The results of the experiment as demonstrated in Figure 4.1 confirm that temperature and 
pH do not significantly affect the dynamics of the thickening process for thickened water using 
xanthan gum. It was observed that it took less than 2 minutes for the thickened water to reach 
equilibrium viscosity.  
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Figure 4.1: Thickening behaviour of thickened water at different temperature and pH at 0.1% strain and frequency of 50 
rad/s. 
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4.2.2.2 Viscosity Profile 
All the fluids tested exhibited a shear-thinning behaviour (Figure 4.2). A power law model 
ߟ ൌ ܭߛሶ ௡ିଵ was found suitable to describe the complex viscosity of thickened fluids at a range of 
frequencies. The power law index n for all the fluids tested was found to be similar, meaning that 
the viscosity sensitivities of the fluids were similar. Similarly the apparent viscosity of thickened 
fluids measured using steady shear could also be fitted by a power law model. Table 4.4 
summarises the parameters obtained from oscillatory and steady shear measurements. The table lists 
|ߟ∗|ହ଴which is the complex viscosity of the fluid at 50 rad/s, whilst ߟହ଴ is the apparent viscosity of 
the fluid at 50 s-1 and n, the power law index which describes the degree of shear thinning.  
The mean calculated ratio between these two viscosities for thickened fluid measurement: 
oscillatory data (at 50 rad/s) to shear data (at 50 s-1), is summarised in Table 4.3. Similar to 
Chapter 3 (Tables 3.5, 3.8, 3.10), this confirmed that the structure of the fluid was disturbed during 
the steady shear measurement. It was observed that the ratio between these two viscosities at 
different pH are similar regardless the conditions of the fluids (p > 0.40). However, the ratio 
between these two viscosities at different temperature are statistically different (p < 0.05). It is 
suspected that the temperature alters the structure of the fluid, especially at low concentration. For 
instance, the ratio is further from unity at lower temperature (i.e. the dynamic viscosity is increased) 
which implies a less stable structure.  
Table 4.3: The ratio between complex viscosity at 50 rad/s and apparent viscosity at 50 s-1 for conditions. 
Conditions Ratio ቀ ఎሺହ଴	௦షభሻ|ఎ∗|ሺହ଴	௥௔ௗ/௦ሻቁ 
8°C, Neutral 0.32 ± 0.02 
20°C, Neutral 0.36 ± 0.06 
40°C, Neutral 0.43 ± 0.10 
20°C, Acidic 0.39 ± 0.02 
20°C, Basic 0.39 ± 0.04 
Note: ± values are 95% confidence interval 
4.2.2.3 Yield Stress 
The estimated yield stress generally increased as the mass of thickener added was increased. 
This was due to the fact that more stress is required to break down the structure and promote flow in 
a thicker fluid. As shown in Table 4.4, slight variations of yield stress at Level 150 were observed 
under different temperature and pH conditions. It was observed that the yield stress increases as 
temperature decreases which suggests a more strongly-gelled material. Similarly, the yield stress 
generally increases as the pH decreases. The results suggest that both temperature and pH affect the 
structure of the fluids.  
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Figure 4.2: Oscillatory viscosity profile of thickened water at different temperature and pH at 0.1% strain. 
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Table 4.4: Fitted rheological parameters of thickened water 
Mass of Thickener (g/100 mL) Conditions Oscillatory Parameters Steady Parameters Apparent Yield Stress (Pa) |η*50| (Pa.s)* n η50 (Pa.s)* n 
1.2 (Level 150) 8°C, Neutral 0.33 ± 0.02b 0.29 0.11 ± 0.01a 0.20          2.93 ± 0.36a 
20°C, Neutral 0.28 ± 0.04a,b 0.29 0.10 ± 0.01a 0.18          2.35 ± 0.31a,b 
40°C, Neutral 0.23 ± 0.01a 0.36 0.10 ± 0.01a 0.22          1.86 ± 0.43b 
20°C, Acidic 0.26 ± 0.04a 0.37 0.10 ± 0.01a 0.19          2.41 ± 0.31a,b 
20°C, Basic 0.24 ± 0.01a 0.38 0.10 ± 0.01a 0.20          2.18 ± 0.28b 
2.4 (Level 400) 8°C, Neutral 0.76 ± 0.01c 0.19 0.26 ± 0.01a 0.10          8.87 ± 0.73a 
20°C, Neutral 0.63 ± 0.05b 0.22 0.26 ± 0.01a 0.08          9.38 ± 0.73a 
40°C, Neutral 0.53 ± 0.04a 0.23 0.28 ± 0.02a 0.10          9.10 ± 0.84a 
20°C, Acidic 0.66 ± 0.03b 0.21 0.27 ± 0.01a 0.09          10.0 ± 0.73a 
20°C, Basic 0.60 ± 0.04b 0.23 0.25 ± 0.01a 0.10          8.72 ± 0.73a 
3.6 (Level 900) 8°C, Neutral 1.21 ± 0.12a 0.16 0.37 ± 0.03a 0.13          12.2 ± 1.14b 
20°C, Neutral 1.28 ± 0.15a 0.16 0.38 ± 0.02a 0.12          12.7 ± 1.14b 
40°C, Neutral 1.23 ± 0.03a 0.16 0.43 ± 0.04a 0.10          14.4 ± 1.32a,b 
20°C, Acidic 1.20 ± 0.05a 0.16 0.44 ± 0.04a 0.10          16.0 ± 1.14a 
20°C, Basic 1.10 ± 0.19a 0.21 0.38 ± 0.02a 0.11          11.8 ± 1.02b 
Note: ± values are 95% confidence interval. *mean values in the same column, for each thickness level that do not share a letter are statistically different (p < 0.05) 
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4.3 Experiment 2 – Thickened Milk with Different Fat Contents 
4.3.1 Materials & Methods 
The commercial thickener product selected for analysis was Resource ThickenUp® Clear 
(Nestlé) and the fluids used in this study were three types of commercial Devondale long-life milk: 
full cream, semi-skim and skim. 
4.3.1.1 Sample Preparation 
The samples were prepared as described in Chapter 3.2.1. Three samples of thickened milk 
with differing fat contents were prepared at each of the three thickness levels according to the 
Resource ThickenUp® Clear recommended dosage as described in Table 3.2. Table 4.5 summarised 
the fat contents in the thickened milk samples. The samples were tested at room temperature 
(20°C).  
Table 4.5: Detail specifications for thickened milk samples 
Samples Fat Contentsa 
Full Cream 3.32% 
Semi-Skim 2.00% 
Skim 0.08% 
Notes: aNutritional information on the packaging.  
4.3.1.2 Experimental 
All rheological tests were performed on the Thermo Scientific Rheoscope 1 as described in 
Section 3.4.2. The rheological tests that were performed in this experiment were: oscillatory time 
sweep, frequency sweep and steady shear test. An oscillatory time sweep test was performed for a 
total of 50 minutes recording viscosity every 50 seconds. Prior to the frequency sweep and steady 
shear test, the samples were allowed to stand for at least 30 minutes to reach an equilibrium 
viscosity. The frequency range chosen was 1 – 100 rad/s. The tests were performed at constant 
strain amplitude 0.1%. Additionally, the ratio of dynamic viscosity obtained from the oscillatory 
measurement (in rad/s) and apparent viscosity from steady measurement (in s-1) was calculated (See 
Section 3.4.2.3). The temperature of the samples was maintained at 20 °C by a water circulator. The 
measurements were performed in duplicate.  
4.3.1.3 Analysis 
For the comparison of the viscosity at different fat content, analysis of variance (ANOVA) 
was carried out to determine whether there were any statistically significant differences. Tukey’s 
method was selected to categorize the differences. A p-value below 0.05 was regarded as 
statistically significant. The statistical analysis was performed using Minitab 16 Statistical 
Software.  
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The power law model (Equation 2.2) was fitted to the data for viscosity as a function of 
frequency to determine the power law index, n and the Herschel-Bulkley model (Equation 2.7) 
fitted to the data for shear stress as a function of shear rate to estimate the apparent yield stress of 
the fluid.  
4.3.2 Results and Discussion 
4.3.2.1 Thickening Dynamics and Equilibrium Viscosity 
Figure 4.4 shows the change in complex viscosity of thickened milk at different levels of fat 
content. Similar to the thickened water observed in the previous experiment, the viscosity increased 
over time until it reached an equilibrium value. However, as observed previously in Chapter 3, 
water as a dispersing medium reaches an equilibrium viscosity much faster than milk (full cream, 
semi-skim or skim). In section 3.5, it was observed that the differences in behaviour of thickened 
milk and thickened water are significant. It has been proposed that this is the result of interactions 
between the solid contents (e.g. protein, carbohydrate, mineral) in the milk and the thickener 
(Singh, 2011). A more detailed analysis as to the origin of these differences will be considered in 
Chapter 5.  
The equilibrium viscosity for thickened milk increased with increasing fat content 
(p < 0.05). A partial explanation of this is as a result of the increased fat phase, there is a higher 
concentration of both thickener and other milk constituents in the water phase in the full cream milk 
than semi-skim and skim milk. This leads to enhanced inter-molecular interactions that lead to an 
increase in viscosity (Bayarri et al., 2009).  
A second origin of the viscosity difference of thickened milk is due to the presence of the fat 
phase distributed in the liquid phase. This can be described using Einstein’s equation (Macosko, 
1994) (Equation 5.1), where ηm is the apparent viscosity of thickened milk, ηl is the apparent 
viscosity of the liquid phase (a function of thickener concentration) and ߶ is the volume fraction of 
fat particles.  
ߟ௠ ൌ ߟ௟|௖ሺ1 ൅ 2.5߶ሻ (5.1) 
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 Figure 4.3: Thickening behaviour of thickened milk at different levels of fat content at 0.1% strain and frequency of 50 rad/s. 
Chapter 4 
 
94 | P a g e  
 
 
 
 
 
 
Table 4.6: Fitted rheological parameters of thickened milk 
Mass of Thickener (g/100 mL) Conditions Oscillatory Parameters Steady Parameters Apparent Yield Stress (Pa) |η*50| (Pa.s)* n η50 (Pa.s)* n 
1.2 (Level 150) Full Cream 0.30 ± 0.02a 0.39 0.15 ± 0.01b 0.24 2.76 ± 0.23a Semi-Skim 0.27 ± 0.01a 0.39 0.12 ± 0.01a 0.24 2.17 ± 0.19b 
Skim 0.24 ± 0.01b 0.43 0.11 ± 0.01a 0.26 1.71 ± 0.18c 
2.4 (Level 400) Full Cream 0.92 ± 0.06a 0.19 0.39 ± 0.02a 0.14 11.3 ± 0.61a 
Semi-Skim 0.74 ± 0.03b 0.22 0.38 ± 0.05a 0.14 10.7 ± 1.19a 
Skim 0.65 ± 0.06c 0.22 0.31 ± 0.02b 0.16 7.67 ± 0.17b 
3.6 (Level 900) Full Cream 1.80 ± 0.01a 0.16 0.66 ± 0.02a 0.11 22.9 ± 2.01a 
Semi-Skim 1.52 ± 0.10b 0.18 0.61 ± 0.03b 0.10 22.2 ± 1.69a 
Skim 1.21 ± 0.14c 0.18 0.56 ± 0.02c 0.12 18.4 ± 1.60b 
Note: ± values are 95% confidence interval. *mean values in the same column, for each thickness level that do not share a letter are statistically different (p < 0.05) 
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The viscosity difference between thickened full cream milk and thickened skim milk due to 
the secondary fat phase in the liquid phase should be approximately 8%. Additionally, it can be 
estimated that the viscosity difference due to higher thickener concentration in the full cream milk 
should be approximately 6%. However, as can be seen in Table 4.6, the difference of viscosity 
between thickened full cream and thickened skim milk for Level 150 is 1.36 ± 0.2 and for Level 
900 is 1.18 ± 0.08. This suggests that, particularly at the lower thickness levels, there may be 
additional factors that influence the difference in viscosity of thickened full cream and skim milk. 
It had been reported by Lopez (2005) that a combination of homogenisation and heat 
treatment changes the surface structure of milk fat globules, promoting adsorption of milk proteins. 
Furthermore, Lopez (2005) notes that milk fat alters interactions with the protein matrix and 
retention of water. In the light of the previous analysis, this effect may explain the additional 
viscosity differences observed between full cream and skim milk. Additionally, the 
volume-weighted diameter of fat globules in full cream and semi-skim milk is also greater than 
skim milk (Lopez, 2005). 
Differences in fat content did not influence the time to reach equilibrium of thickened milk. 
All the milk samples thickened rapidly over the first 15 minutes after which the rate of increase in 
viscosity slowed, with the samples continuing to thicken by approximately 14% more over the 
period until 50 minutes after mixing. This is because the fat is in different phase and thus does not 
affect the thickening dynamic of the fluids. 
4.3.2.2 Viscosity Profile 
Similar to the thickened water from the previous experiments, all the fluids tested exhibited 
a shear-thinning behaviour (Figure 4.5). A power law model was found suitable to describe the 
complex viscosity of thickened milk at a range of frequencies. It was observed that the power law 
index n for all the samples tested was found to be similar at each thickness level. Table 4.6 
summarises the parameters obtained by oscillatory and steady shear measurements. 
Similar to the thickened water results obtained from previous experiments, it was observed 
that the complex viscosity results obtained by oscillatory measurements are higher than the apparent 
viscosity results obtained by steady shear measurements. This confirmed that the structure of the 
fluid was also disturbed during the steady shear measurement. The mean ratio of oscillatory in rad/s 
to steady viscosity in s-1 of all the samples were calculated and summarised in Table 4.7. It can be 
seen that the ratio of these two viscosities are similar. This shows that the structure of the fluid is 
similar regardless the fat contents of the fluids. However, it was observed that the ratio of thickened 
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full cream is further from unity (i.e. bigger difference between two measures of viscosity) as the 
level is increased. For instance, the ratio of thickened full cream goes from 0.5 to 0.37 as the level 
goes from Level 150 to Level 900. This is because the increased amount of thickener present at 
Level 900 strengthens the structure of the fluid.  
Table 4.7: The ratio between complex viscosity at 50 rad/s and apparent viscosity at 50 s-1 at different fat content. 
Samples Ratio ቀ|ఎ∗|ሺହ଴	௥௔ௗ/௦ሻఎሺହ଴	௦షభሻ ቁ 
Full Cream 0.43 ± 0.07 
Semi-Skim 0.45 ± 0.06 
Skim 0.46 ± 0.01 
Note: ± values are 95% confidence interval 
4.3.2.3 Yield Stress 
Table 4.6 shows the estimated apparent yield stress (τy) of thickened milk with different fat 
contents as a function of the mass of thickener added. Similar to thickened water, all these data 
show a linear correlation between the viscosity and yield stress, with a similar coefficient to that 
seem with RTC and other fluids in Chapter 3 (Figure 3.8). The apparent yield stress of the milk 
therefore increased as the fat content in the fluid was increased. 
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Figure 4.4: Oscillatory viscosity profile of thickened milk at different levels of fat content at 0.1% strain. 
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4.4 Conclusion 
Individuals with dysphagia are at particular risk of dehydration. Water and milk are 
commonly thickened to maintain hydration in the case of the former, and for the additional benefits 
of nutrients such as protein, carbohydrates and calcium in the case of the latter. Eight different 
samples of thickened water and milk were studied in chapter, varying in their temperature, pH (for 
water) or fat content (for milk). For all samples, the viscosity profiles for the thickened fluids 
showed a shear thinning behaviour. Additionally, the viscosity of the samples increased as more 
thickener was added to the fluid. This finding is supported by the literature. The linear relationship 
between shear viscosity and yield stress observed in the previous chapter was also again noted, with 
fluid specific coefficients.   
It was found that thickened water at a given thickener addition level had a consistent 
viscosity under steady flow regardless of temperature and pH conditions due to the side chains of 
the xanthan gum molecular structure protecting the backbone structure (Sworn and France, 2009). 
This finding can be seen more clearly with the thicker fluids since there is more xanthan gum in the 
fluids. However, from the low-strain dynamic viscosity results, it was shown that the structure of 
the fluid was affected by temperature and pH, especially at lower temperatures which were more 
stable. 
Viscosity was found to increase with increased fat content in milk samples. This was caused 
by both the effective increase in concentration (higher concentration of both thickener and other 
milk constituents in the water phase) and the presence of the distributed fat phase. From a practical 
point of view, clinicians need to be aware of this interaction and adjust the concentration of 
thickener accordingly, reducing the amount of thickener for the higher fat content milk. This would 
also affect fluids with other secondary phases (e.g. pulp orange juice vs. no-pulp orange juice). 
The viscosity of thickened fluids increased over time until it reached an equilibrium 
viscosity. The time required for thickened water to reach equilibrium viscosity was approximately 
2 minutes, regardless of the conditions of the fluid (temperature or pH). However, milk as a 
dispersing medium required a much longer time to reach a stable viscosity than water. 
Approximately 15 minutes were required for thickened milk to reach equilibrium viscosity, 
regardless of the fat content present in the milk. Interactions between various components of the 
milk and the thickener affect both the final viscosity and the thickening dynamics of milk. A 
detailed analysis of the reasons for this will be discussed in Chapter 5.  These results have particular 
importance for patient safety. Clinicians need to educate food services staff, patients and carers that 
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a much longer standing time is required for thickened milk than other beverages. Consuming 
thickened milk after waiting only 5 minutes will result in a thinner consistency than that prescribed, 
and may increase the chance of aspiration. 
In conclusion, this chapter has shown that, xanthan gum based thickeners are tolerant to 
temperature and pH, therefore many beverages can be safely thickened using the same amount of 
thickener. However, as mentioned in the previous chapter, less thickener should be added to milk as 
compared with water. Attempting to add the same concentration of thickener to both milk and water 
will result in a thickened milk product that is thicker than what is purported to be its thickened 
water equivalent. Approximately 25% less thickener should be added to full cream milk in order to 
achieve an equivalent thickness to thickened water. This approximation is only applicable to 
Resource ThickenUp Clear, and further research is needed to confirm if the ratios are also 
applicable for other xanthan gum based thickeners. Other types of thickeners such as guar gum, 
carrageenan and starch-based thickeners would also benefit from further investigation. This is a 
safety issue that clinicians, food services staff, patients and caregivers should be aware of. 
Furthermore, thickened milk should be consumed within fifteen to thirty minutes to ensure optimal 
thickening without the risks associated with over-thickening.  
It is clearly necessary for there to be some way for patients to know if their drink is ready to 
drink (i.e. has finished thickening) and have the right thickness consistency. This could be achieved 
by having better manufacturer’s guidelines (e.g. different addition rates for different dispersing 
media and information about standing time) or using some sort of measuring device that could be 
use at point of use in the care situation.  
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CHAPTER	5	
 
5.1 Introduction 
As discussed in Chapter 3 and 4, variability in rheological measurement was observed 
within a thickener product when used with different dispersing media. Thickened milk in particular 
is a fluid that is commonly served to patients, as it offers fluids for hydration in addition to much 
needed protein and calcium (Claes et al., 2012, Barr et al., 2000). Therefore, it was chosen as a case 
study to investigate the origins of these variabilities.  
It was observed that thickened milk is one of the most complex fluids, giving rise to higher 
equilibrium viscosity and requiring a much longer time to reach equilibrium than thickened water 
for a given amount of thickener using both starch and xanthan gum based thickening agents (Garcia 
et al., 2005). If the manufacturers’ instructions are followed, the fluid is more likely to have a 
higher viscosity than it should have, whilst the slower thickening rate of the fluid means that 
patients are required to wait a longer time compared to other liquids prior to consuming their drinks. 
These behaviours are believed to be due to interactions between the thickeners and the various 
components in the milk, such as protein, lactose and minerals (Garcia et al., 2005). The aim of the 
current chapter is to rheologically characterise the process of thickening in milk and investigate the 
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effect of the milk components on the rheological behaviour of thickened milk. The role of fat in the 
thickened milk has previously been discussed in Chapter 4, thus only protein, lactose and minerals 
were investigated and skim milk was be used.  
5.2 Materials & Methods 
The commercial product selected for analysis was Resource ThickenUp® Clear (Nestlé) and 
the fluids used in this study were Brisbane tap water (~120 mg/L) and commercial Devondale 
long-life skim milk. 
Lactose powder, Milk Protein Concentrate (MPC) and calcium chloride were used to make 
up the milk component samples. Milk Protein Concentrate is a dairy protein containing both caseins 
and whey that have been extracted from the milk through membrane filtration (U.S. Dairy, n.d.). 
The MPC used in this experiment is MPC85, which contains 85% of milk protein together with 
other components such as lactose, fat and ash. Both lactose and MPC were bought from Total 
Foodtec Pty Ltd, Australia. 
5.2.1 Sample Preparation 
The samples were prepared as described in Chapter 3.2.1. Four samples were prepared in 
this experiment: water + lactose, water + MPC, water + calcium chloride and multicomponent 
(water + lactose + MPC + calcium chloride). The amount of each milk component added was based 
on values observed in a composition analysis of skim milk (Table 5.1) which were measured by the 
School of Agriculture & Food Science in the University of Queensland. The samples were 
thickened to Level 400 – moderately thick consistency (2.4% mass fraction) based on the 
manufacturer’s recommended dosage (Table 3.2). Both water and long life skim milk were also 
tested by way of comparison. 
Table 5.1: Characteristics of the commercial long-life skim milk 
Composition of Skim Milk per 100 mL 
Water (g) 91 
Carbohydrates (g)a 5.2 
Protein (g)b 3.3 
Fat (g) c 0.1 
Calcium (mg)d  120 
Mass of Thickener added (g) 2.1 
Note: aMeasured by chromatogram; bMeasured by LECO CHN Combustion analyser; cNutrition information of the 
product; dMeasured by Varian ICP-OES. 
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Calcium chloride was used as the mineral component due to its tendency to dissociate when 
it is mixed with water. When calcium chloride is mixed with water, calcium chloride dissociates 
into positively charged Ca2+ cations and 2 negatively charged Cl- anions (spectator ions), thus 
increasing the mineral concentration in the water. It was calculated that the addition of 330 mg of 
calcium chloride in the water is equivalent to 120 mg of calcium ions. Similarly, the addition of 
3.8 g of MPC was equivalent to 3.3 g of protein in the water. 
Prior to adding the thickener, the samples were stirred vigorously for more than 10 minutes 
using a magnetic stirrer to make sure the powders were completely dissolved. All test 
measurements were performed at 20°C. Table 5.2 summarises the composition of the samples. 
5.2.2 Experimental 
All rheological tests were performed on the Thermo Scientific Rheoscope 1 as described in 
Section 3.4.2. An oscillatory time sweep test was performed to observe the thickening dynamics of 
the material by measuring the change in the viscosity over a given time period. The tests were run 
for a total time of 50 minutes, recording viscosity every 50 seconds. The measurements were 
repeated in duplicate. The temperature of the samples was maintained by a water circulator at 20°C. 
Details of the tests can be viewed in Section 3.4.2.1 
5.2.3 Analysis 
Two parameters were extracted in this experiment, ηfinal and t90%. ηfinal is the equilibrium 
dynamic viscosity (Pa.s) of the fluid, taken to be the viscosity at 50 minutes. t90% is the time 
(minutes) required for the fluid to reach 90% of ηfinal, this is chosen to characterise the thickening 
rate of the fluid. 
For the comparison of ηfinal and t90% of the samples, analysis of variance (ANOVA) was 
carried out to determine statistically significant differences (p = 0.05). Tukey’s method was selected 
to categorize the differences. A p-value below 0.05 was regarded as statistically significant. The 
statistical analysis was done by Minitab 16 Statistical Software. 
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Table 5.2: Sample composition of the milk component samples 
 Water Water + Lactose Water + MPC Water + Calcium Chloride Multicomponent 
Lactose (wt. %) - 5.2 - - 5.2 
MPC (wt. %) - - 3.8 - 3.8 
Calcium Chloride (wt. %) - - - 0.33 0.33 
Thickener Concentration (wt. %) 2.4 2.4 2.4 2.4 2.4 
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5.3 Results and Discussion 
5.3.1 Milk Components 
Figure 5.1 shows the thickening behaviour of water mixed with the milk components at 
Level 400 consistency. The statistical analysis of the samples are summarised in Table 5.3.  
 
Figure 5.1: Thickening behaviour of thickened water mixed with milk components at 2.4% thickener concentration. 
Frequency 50 rad/s and 0.1% strain 
Table 5.3: Rheological characterisation of the milk component samples 
Samples Rheological Characterisation ηfinal (Pa.s) t90% (min) 
Water 0.83 ± 0.03 B   1.8 ± 0.1 B 
Skim Milk 1.27 ± 0.20 A 15.4 ± 2.4 A 
Water + Lactose 0.76 ± 0.05 B   1.8 ± 0.1 B 
Water + MPC 1.31 ± 0.08 A   4.8 ± 1.4 B 
Water + Calcium Chloride 0.94 ± 0.13 B 14.1 ± 1.7 A 
Multicomponent 1.35 ± 0.09 A 17.8 ± 2.4 A 
Note: ± values are 95% confidence interval. *Mean values that do not share a letter within a column are significantly 
different (p < 0.05). 
It can be seen that lactose in the milk does not affect the thickening rate or the equilibrium 
viscosity of the fluid as the results for water + lactose were similar to those for water (p > 0.10). It is 
hypothesised that due to small molecular size of lactose (a disaccharide sugar), it does not 
contribute as much to the change of viscosity as other components that play the major role in 
increasing viscosity.  
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Water + MPC had a higher ηfinal than water (p < 0.01), but a similar thickening rate of the 
fluid (p > 0.05), with both water and water + MPC samples requiring approximately 2 – 4 minutes 
to reach equilibrium viscosity. 
In contrast, addition of calcium chloride in the fluid decreased the thickening rate (p < 0.01). 
It took approximately 14 minutes for the sample to reach ηfinal. A slight increase of equilibrium 
viscosity was observed in the fluid. However, this was not significantly different than thickened 
water (p > 0.20). 
The multicomponent sample with both protein, and calcium chloride present, prepared to be 
of a similar composition to commercially available skim milk gave the expected results, being very 
similar to skim milk both in ηfinal and t90% (p > 0.40). To verify the effect of protein and calcium 
chloride on the ηfinal and t90%, further rheological characterisation of thickened water at different 
protein or calcium chloride concentrations were investigated.  
5.3.2 Protein at Different Concentrations 
As observed in Figure 5.1, the presence of protein affects the final viscosity of the fluid. 
Consequently, thickened fluids at different protein concentrations were prepared and rheologically 
characterised to investigate the effect of protein concentration on the ηfinal and t90% of thickened 
fluids. The details of these fluids can be viewed in Table 5.4. Figure 5.2 shows that as the protein 
concentration is increased, the equilibrium viscosity of the fluid is significantly increased 
(p < 0.01). It is suspected that when the protein is mixed with water, the protein molecules interact 
with the thickener in the water, thus increasing the viscosity of the fluid. On the other hand, protein 
does not affect the thickening rate of the fluid. All of the samples required approximately 3 – 6 
minutes to reach equilibrium viscosity (p > 0.10).  
To further verify the effect of protein, thickened long-life full cream milk (3.3 g of protein) 
was rheologicaly compared with thickened fresh full cream milk (3.6 g of protein) with similar fat 
content at Level 400 consistency (see Appendix A.5 for fluid’s composition and results). It was 
observed that the equilibrium viscosity of thickened fresh milk is slightly higher than thickened 
long-life milk due to higher protein in the fresh milk. This is because some of the protein was lost 
during the Ultra-heat treatment for long-life milk. On the other hand, the time required to reach 
equilibrium viscosity for fresh milk is approximately the same as long-life milk which confirms that 
protein level does not affect thickening time.  
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Table 5.4: Composition and rheological characterisation of thickened water at different MPC concentrations 
 1.9% 3.8% 5.7% 
Sample Characterisation 
MPC (wt. %) 1.9 3.8 5.7 
Thickener Concentration (wt. %) 2.4 2.4 2.4 
Rheology Characterisation 
ηfinal (Pa.s) 1.05 ± 0.07 (A) 1.31 ± 0.08 (B) 1.63 ± 0.04 (C) 
t90% (min) 3.6 ± 1.7 (A) 4.8 ± 1.4 (A) 6.8 ± 1.6 (A) 
Note: ± values are 95% confidence interval. *Mean values that do not share a letter within a row are statistically 
different (p < 0.05). 
 
Figure 5.2: Thickening behaviour of thickened water at different MPC concentration at 2.4% thickener concentration. 
Frequency 50 rad/s and 0.1% strain. 
5.3.3 Calcium Chloride at Different Concentration 
Three samples of thickened fluids at different calcium chloride concentrations were 
compared to investigate the effect of calcium chloride concentration on the ηfinal and t90%. The 
details of these fluids are given in Table 5.5. 
Table 5.5: Composition and rheological characterisation of thickened water at different calcium chloride concentrations 
 0.12% 0.33% 0.54% 
Sample Characterisation 
Calcium Chloride (wt. %) 0.12 0.33 0.54 
Thickener Concentration (wt. %) 2.4 2.4 2.4 
Rheology Characterisation 
ηfinal (Pa.s) 0.92 ± 0.09 (A) 0.94 ± 0.13 (A) 0.83 ± 0.08 (A) 
t90% (min) 5.5 ± 0.7 (A) 14.1 ± 1.7 (B) 20.3 ± 0.4 (C) 
Note: ± values are 95% confidence interval *Mean values that do not share a letter within a row are statistically 
different (p < 0.05). 
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Figure 5.3 shows the thickening behaviour of thickened water at different calcium chloride 
concentrations. It was observed that at higher calcium chloride concentrations, a longer time is 
required to reach equilibrium viscosity (p < 0.01). Xanthan gum possesses a highly negative 
(anionic) charge (Sarisuta and Parrott, 1982). It is suspected that the positively charged calcium ions 
bind together with the negatively charged xanthan gum, and then release it slowly resulting in 
higher t90% values. Although the addition of calcium chloride slightly increases the ηfinal of the fluid, 
the higher concentration of calcium chloride in the fluid does not further increase the ηfinal 
(p > 0.35). This interaction is similar to the ionic crosslinking interaction between alginate and 
calcium (Draget, 2009). Alginate is known as a negatively charged polysaccharide and reacts with 
divalent positively charged calcium to form a network of polymer chains. The negative electrical 
charge on xanthan gum has also been shown to cause ionic interactions with medications. In a study 
looking at drug dissolution, xanthan gum impeded dissolution more than the neutrally charged 
(ionic) polymers of guar gum and hydroxypropyl methylcellulose (Sarisuta and Parrott, 1982).  
A further sample was used to test the assumption that interactions between calcium ions and 
xanthan gum were affecting the thickening process dynamics. The thickening behaviour of (a) water 
and (b) water + 330 mg of calcium chloride using a starch based thickener, Karicare Aptamil Feed 
Thickener (Nutricia) were compared. This thickener contains modified maize starch and carob bean 
gum as the main ingredient which are neutral polysaccharides (refer Chapter 3, Table 3.1) (Dionísio 
and Grenha, 2012). Both samples of water and water + calcium chloride were mixed with 10 g of 
Karicare and stirred rapidly for 30 seconds to dissolve all the powder. Figure 5.4 shows the 
thickening behaviour of these samples. It can be seen that the results of thickened water + calcium 
chloride is very similar to thickened water, both in equilibrium viscosity and thickening dynamic. 
This was expected as starch and carob bean gum are neutral polysaccharides and thus should not 
interact with the calcium ion in the fluid. This experiment demonstrates that positively charged 
calcium ions slows down the thickening dynamic of xanthan gum. 
Other thickening agents used in the management of dysphagia include guar gum and locust 
bean gum, both of which have a neutral ionic charge, and carrageenan, which has a negative ionic 
charge. It is possible that the longer thickening rate seen with xanthan gum may also occur with 
carrageenan based thickeners.  
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Figure 5.3: Thickening behaviour of thickened water at different calcium chloride concentration at 2.4% thickener 
concentration (refer to table 5.5). Frequency 50 rad/s and 0.1% strain. 
 
Figure 5.4: Thickening behaviour of thickened water and water + calcium chloride (0.33 wt. %) using Karicare Aptamil Feed 
Thickener at 2.4% thickener concentration. Frequency 50 rad/s and 0.1% strain. 
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5.4 Conclusion 
The role and contribution of milk components (lactose, protein, and mineral) in the 
thickening process of milk thickened with a xanthan gum based thickener has been observed and 
identified. It was observed that lactose in the milk did not affect the thickening rate or the 
equilibrium viscosity of the fluid. Conversely, protein in the milk increased the equilibrium 
viscosity of the fluids. As protein is a long-chain polymer, it is suspected that the protein molecules 
interact with the thickener and increase the viscosity of the fluid. However, protein in the milk did 
not affect the thickening rate of the fluids. 
In addition, minerals in the milk slightly increased the equilibrium viscosity and 
significantly slowed down the thickening rate of the fluids. This is believed to be due to an ionic 
interaction between calcium and xanthan gum. The ionic charge of the thickener should be 
considered in terms of potential interactions with the liquids. Although the experimental sample in 
this instance was milk, interactions between xanthan gum thickener and medications have also been 
shown (Sarisuta and Parrott, 1982). Although the effect of ionic interaction on milk is to delay the 
thickening rate, its effect in reducing the dissolution of medications has sobering implications for 
medical treatments for individuals with dysphagia. Additionally, it was observed in Chapter 3, that 
thickened wine took a longer time to reach an equilibrium viscosity than thickened water. It is 
hypothesised that this behaviour might be caused by a similar process due to the high potassium 
content in the wine, however this has not been further investigated.  
In conclusion, fluids that contain protein will achieve higher viscosity than thickened water 
when mixed with the same concentration of xanthan gum based thickener. In addition, thickened 
fluids that contain minerals can be expected to take a longer time for the fluid to reach equilibrium 
viscosity when using a xanthan gum thickening agent. For example, liquid supplements are 
commonly given to dysphagic patients. These supplements contain high protein concentrations and 
a range of minerals such as sodium, calcium, potassium, magnesium, iron, and many more. 
Individuals preparing thickened liquid supplements should be aware that less thickener than that 
recommended for water and longer standing time is required than to thicken supplements. 
Manufacturers therefore should be encouraged to review thickener instructions to provide specific 
information for consumers including a prescribed standing time prior to patients consuming the 
thickened fluids. Further research is required to demonstrate the presence or absence of ionic 
interactions of other thickening agents (e.g. carrageenan) with dietary staples such as milk and also 
medications.  
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This study explains the difference observed between the behaviour of thickened water and 
milk in Chapter 3 and improves the knowledge of rheological behaviour of thickened fluids, which 
will enable patients to receive consistent thickness of thickened fluids. It also provides further 
evidence of the need for a suitable methodology to ensure that patients can check whether their 
thickened fluid is suitable for drinking (i.e. whether it has reached its equilibrium properties and 
whether these are suitable for prescription).  
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CHAPTER	6 	
 
 
6.1 Introduction 
In the previous chapters, most of the work has focused on the rheology of thickened fluids in 
shear deformation. It is true that shear viscosity of thickened fluids is one of the most important 
parameters to be investigated (O'Leary et al., 2010, Dantas et al., 1990, Miller and Watkin, 1996), 
however it is not known whether shear viscosity is the only relevant parameter to be investigated. 
As mentioned in Chapter 2, cohesiveness of the bolus is important to keep the bolus together during 
swallowing for people with dysphagia. Cohesiveness shows the strength of the intermolecular 
attraction of the elements of the fluid and how they are held together. Additionally, it is believed 
that the extensional viscosity of the fluid also affects the bolus flowrate when swallowing. During 
the swallowing process, the bolus is rapidly projected and accelerated due to changes in bolus 
dimension between the oral cavity, pharyngeal space and Upper Esophageal Sphincter (UES) which 
leads to an extensional component of the flow. A paper by Salinas-Vázquez et al. (2014) reported 
that in a computational model of the human pharynx, during this process, some examples showed 
the bolus head to travel faster than the bolus tail. As a result, the bolus was elongated and subjected 
to extensional stresses. This occurrence is also seen on the videofluoroscopy study of swallowing 
(GI Motility Online, 2016). Therefore, extensional viscosity may play an important role in 
	
Rheology	of	Thickened	Fluids	in	
Extensional	Deformation 
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swallowing. Whilst most of the literature has focused on the rheological behaviour of thickened 
fluids in shear deformation, there are only limited studies of rheological characterisation of 
thickened fluids in extensional deformation. 
Extensional deformation is often accompanied by surface deformation and thus the surface 
tension of the fluid is an important parameter in studying extensional deformation and indeed in the 
method used in this chapter surface tension is a required parameter in the analysis. To date, limited 
studies of surface tension of thickened fluids have been reported. Lee et al. (2012) found that the 
surface tension of xanthan gum solution decreased as the concentrations of xanthan gum was 
increased. However, this work was not done in the context of thickened liquids for dysphagia (Lee 
et al., 2012). As a result, the surface tension of thickened fluids at different thickener concentrations 
still needs to be measured. It is expected that the surface tension behaviour of xanthan gum based 
thickened fluids will be similar to the surface tension of xanthan gum solutions reported from Lee et 
al. (2012). In addition, surface tension of the fluid is potentially an important parameter for 
swallowing.  
Knowledge of the extensional properties of thickened fluids may be important to fully 
understand the behaviour of such fluids while swallowing. Therefore, the main objective of this 
chapter was to (a) rheologically characterise thickened fluids in extensional deformation, 
(b) determine the surface tension of thickened fluids at different thickener concentrations, and 
(c) investigate the differences in extensional rheology and surface tension of thickened fluids in 
different dispersing media.   
6.2 Materials & Methods 
The commercial thickener product selected for analysis was Resource ThickenUp® Clear 
(Nestlé) and the liquids used in this study were distilled water and commercial Sainsbury’s long-life 
skim milk bought from the local supermarket in Cambridge, UK. Thickened water and thickened 
skim milk samples were chosen to compare the rheological behaviour of a simple fluid (water) with 
a complex fluid (milk), as seen in the previous chapter.  
6.2.1 Sample Preparation 
The samples were prepared as described in Section 3.2.1. Fifteen samples of thickened water 
and four samples of thickened skim milk at different concentrations of thickener were prepared. 
Table 6.1 and Table 6.2 summarise the apparent shear viscosity at 50 s-1 for the samples used in this 
experiment. The apparent shear viscosity of the samples was measured on a Thermo Scientific 
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Rheoscope 1 rheometer as described in Section 3.4.2. The milk sample at 2.40% was selected to 
compare with thickened water at the same concentration. The other three concentrations of milk 
samples at 1.24%, 3.39% and 6.84% were selected so they had similar viscosities at 50 s-1 to 
thickened water at 1.30%, 6.50% and 12.10%. Prior to the extensional test, the samples were 
allowed to stand for at least 5 minutes for water samples and 30 minutes for milk samples to reach 
an equilibrium viscosity. 
Table 6.1: The apparent shear viscosity of thickened water samples at 50 s-1 
Thickener Added (wt. %) Apparent Shear Viscosity at 50 s-1 (mPa.s) 
0.70      55 ± 4 
0.88      65 ± 7 
1.00      90 ± 3 
1.30    125 ± 4 
1.54    160 ± 8 
1.96    200 ± 22 
2.40    250 ± 3 
2.82    300 ± 13 
4.00    460 ± 15 
5.63    570 ± 18 
6.50    650 ± 2 
8.50    800 ± 14 
9.50    950 ± 65 
11.50  1150 ± 2 
12.10  1360 ± 84 
Note: ± values are 95% confidence interval 
Table 6.2: The apparent shear viscosity of thickened skim milk samples at 50 s-1 
Thickener Added (wt. %) Apparent Shear Viscosity at 50 s-1 (mPa.s) 
1.24    125 ± 1 
2.40    380 ± 3 
3.39    640 ± 38 
6.84  1540 ± 50 
Note: ± values are 95% confidence interval 
6.2.2 Extensional Deformation 
The extensional deformation of the samples was measured using a Cambridge Trimaster 
(Tuladhar and Mackley, 2008) at the Rheology Centre in the Department of Chemical Engineering 
and Biotechnology, University of Cambridge (UK). The Cambridge Trimaster was designed to 
observe the extensional deformation of a fluid using twin pistons that can rapidly stretch a test fluid 
initially held between the pistons, in order to observe the filament stretching and thinning behaviour 
which can be used to calculate the extensional viscosity of the fluid. The device has previously been 
used to observe the extensional deformation of fluids such as, inkjet fluids, thickened fluids and 
polymer solutions (Vadillo et al., 2009, Mackley et al., 2013, Tembely et al., 2012). 
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Thanks to a Graduate School International Travel Award (GSITA) from The University of 
Queensland, it was possible to visit the Rheology Centre to conduct experiments using this 
equipment.  
Figure 6.1 shows the schematic diagram and a photograph of the Cambridge Trimaster. The 
two pistons have a diameter, D0, of 1.2 mm with a 0.6 mm initial gap, L0. The samples were loaded 
between the pistons using a micro pipette. The pistons were automated to rapidly move apart to a 
final gap, Lf of 4.6 mm at a velocity of 150 mm/s. The filament stretching and subsequent filament 
thinning behaviour of the samples were captured with a high speed camera (Photon Fastcam 1024 
PCI). The mid-filament diameter, Dmid, of the fluids was measured using TriVision Analysis V1_1, 
developed by The University of Cambridge. The camera was set to capture the image at rates from 
1000 fps (for thick fluid) to 10 000 fps (for thin fluid) with a shutter time of 1 μs. The 
measurements were taken at room temperature (25°C) and repeated five times. The mean of the five 
measures were calculated for the analysis 
6.2.2.1 Background to extensional deformation calculations 
The initial experimental filament stretch strain rate, Ė when the pistons are separating can be 
calculated using the following equation (Anna et al., 2001): 
ܧሶ ݐ௦ ൌ ln ൬ܮ௙ܮ଴൰	 (6.1) 
Where Ė is the initial experimental filament stretch strain rate and ts the stretching time. At 
the given piston velocity and the final gap, the stretching time of the piston was calculated to be 
27 ms. Therefore, the initial experimental filament stretch strain rate was calculated to be 76 s-1 for 
the experiments in this chapter. Vadillo et al. (2010) reported that measurement of extensional 
viscosity was independent of the initial filament stretch strain rate of the experiment.  
The apparent extensional viscosity, ηE of the fluid thinning under the action of capillary 
pressure can be calculated from the filament diameter thinning behaviour using an equation 
developed by McKinley and Tripathi (2000):  
ߟா ൌ ሺ2ܺ െ 1ሻ ߪെ݀ܦ௠௜ௗሺݐሻ݀ݐ
 (6.2) 
Where σ is the surface tension of the fluid, Dmid is the mid-filament diameter and X is a 
geometry coefficient that takes into account how the shape of the filament deviates from a uniform 
cylindrical thread due to inertia and gravity (Vadillo et al., 2010, McKinley and Tripathi, 2000). 
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McKinley and Tripathi (2000) showed experimentally that X = 0.7127 was the most appropriate 
value for highly viscous fluids. It should be noted that Equation 6.2 is not valid during the 
stretching behaviour (before piston reached the final gap, < 27 milliseconds).  
The approximate derivative of the mid-filament diameter can be obtained by calculating the 
slope of the decrease of this diameter (Vadillo et al., 2010), where i is the current frame number: 
݀ܦ௠௜ௗሺݐሻ
݀ݐ ൌ
ܦ௠௜ௗሺݐ௜ሻ െ ܦ௠௜ௗሺݐ௜ିଵሻ
ݐ௜ െ ݐ௜ିଵ  (6.3) 
The Hencky strain of the filament can be calculated using the following equation (Vadillo et 
al., 2010, Mackley et al., 2013): 
ߝ ൌ 2݈݊ ቀ ஽బ஽೘೔೏ሺ௧ሻቁ while thinning (i.e. t > 27 ms) (6.4) 
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Figure 6.1: (a) Schematic and (b) photograph of the Cambridge Trimaster. (c) Description of the geometrical 
parameters of the device. Source from Vadillo et al. (2010). 
Extensional Deformation 
 
119 | P a g e  
 
6.2.3 Surface Tension 
In order to obtain the extensional viscosity, the surface tension of the fluid is required (see 
Equation 6.2). The surface tension of the fluid was measured using a Kruss BP2 Bubble Pressure 
Tensiometer with curvature radius of 0.240 mm at room temperature, 25°C. This is a surface 
tension measuring device that applies a maximum bubble pressure method to measure the surface 
tension of the fluid. The device produces bubbles at a constant rate through a capillary of a known 
radius, Rcap which is submerged in the samples (Adamson and Gast, 1997). The maximum bubble 
pressure, ΔPmax (when the radius of the bubble is equal to the radius of the capillary) was then 
measured and using the Equation 6.6, the surface tension, σ can be calculated.  
ߪ ൌ Δ ௠ܲ௔௫ ൈ ܴ௖௔௣2  (6.5) 
Approximately 50 mL of samples were placed in a glass container and the test was 
performed from bubble age of 50 milliseconds to 1000 milliseconds. The measurements were 
repeated in triplicate. 
  
Figure 6.2: Kruss BP2 Bubble Pressure Tensiometer 
6.2.4 Statistical Analysis 
The maximum extensional viscosity of thickened water and thickened skim milk were 
compared at same thickener concentration using analysis of variance (ANOVA) to determine 
statistical differences (p = 0.05). A p-value below 0.05 was regarded as statistically significant. The 
statistical analysis was performed using Minitab 16 Statistical Software. 
Chapter 6 
 
120 | P a g e  
 
6.3 Results 
6.3.1 Surface Tension 
Figure 6.3 shows the surface tension of thickened water and thickened skim milk at different 
thickener concentrations. The surface tension of both thickened water and thickened skim milk 
decreases as the thickener concentration increases. It should be noted that the measurement 
becomes increasingly difficult as the concentration of the thickener increases. Due to this it was 
found that the surface tension measurement of thickened skim milk at 6.84% was inaccurate and 
thus this sample was not used for further analysis.  
 
Figure 6.3: Surface tension of thickened water and thickened skim at different thickener concentrations 
6.3.2 Filament Break-Up 
Figure 6.4 and Figure 6.5 show the photographic sequences of the filament stretching and 
thinning behaviour for thickened water and thickened skim milk at different thickener 
concentrations. It can be seen from Figure 6.4 and 6.5, that the piston reached the final gap of 
4.6 mm at 27 ms. Once the piston has stopped, the middle part of the filament had a general shape 
of a cylinder. After this point, surface tension causes the filament to thin, the rate of which is 
controlled by a balance between the surface tension and the fluid extensional viscosity (see 
Equation 6.2) (Vadillo et al., 2010, Mackley et al., 2013).  
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Figure 6.6 shows the normalised diameter (D/D0) of the mid-filament of thickened water 
over a period of time for 1.56%, 4.00% and 9.50% thickener concentrations. From this figure, it can 
be seen that the normalised diameter of the fluid is similar regardless of the thickener concentration 
of the fluid when the piston was stretching (t < 27 ms). This occurrence is purely a geometry effect, 
regardless the properties of the material as the stretching process was much faster than the 
material’s relaxation times. Once the piston has stopped (t > 2.7 ms), the filament thinned linearly at 
a rate depending on the concentration of the thickener. This linear behaviour was predicted by the 
literature (Vadillo et al., 2010, McKinley and Tripathi, 2000). As the thickener concentration was 
increased, the filament thinning rate decreased. 
 
 
Figure 6.4: Photographic sequences of the filament break-up captured with the Trimaster for thickened water at 
(a) 1.56 wt % thickener (b) 4.00 wt % thickener (c) 9.50 wt % thickener. Initial gap 0.6 mm, final gap 4.6 mm, piston velocity 
150 mm/s, piston diameter 1.2 mm. The piston stopped moving at 27 ms. 
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Figure 6.5: Photographic sequences of the filament break-up captured with the Trimaster for thickened skim milk at (a) 1.24 
wt % thickener (b) 3.39 wt % thickener (c) 6.84 wt % thickener. Initial gap 0.6 mm, final gap 4.6 mm, piston velocity 150 
mm/s, piston diameter 1.2 mm. The piston stopped moving at 27 ms. 
 
Extensional Deformation 
 
123 | P a g e  
 
 
Figure 6.6: Normalised diameter of thickened water over time at different thickener concentrations. Initial gap 0.6 mm, final 
gap 4.6 mm, piston velocity 150 mm/s 
 
6.3.3 Extensional Viscosity 
The derivative of the mid-filament diameter was calculated from each pair of adjacent 
recorded frames as shown in Equation 6.3. The transient extensional viscosity was then calculated 
using Equation 6.2. It was observed that the middle part of the filament had a similar cylindrical 
shape during the filament thinning stage regardless of the thickener concentration of the fluids 
(Figure 6.4). Therefore, it is safe to assume the geometry coefficient, X in Equation 6.2 to be 
constant when calculating the extensional viscosity of the fluid. Coefficient X was assumed to be 
0.7127 in this study as previously found for highly viscous fluids from the literature (McKinley and 
Tripathi, 2000). 
Figure 6.7 – Figure 6.9 shows the transient extensional viscosity during the thinning stage as 
a function of Hencky Strain for 0.70% - 4.00% thickened water, 5.63% - 12.10% thickened water 
and 2.40% - 6.84% thickened skim milk respectively. As seen in Figure 6.5a, the fluid filament of 
1.24% thickened skim milk broke just after the piston reached the final gap. Because of this, the 
extensional viscosity of the fluid cannot be calculated as the fluid did not experience the filament 
thinning behaviour.  
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At the higher concentration, it can be seen that the extensional viscosity increased until it 
reached a plateau (Figure 6.8). However, a plateau was not seen at lower concentrations 
(Figure 6.7) as the fluid filament broke before the extensional viscosity could reach this.  
 
 
 
 
 
Figure 6.7: Transient extensional viscosity of thickened water as a function of relaxation Hencky strain for 0.70% - 4.00% 
thickened water. Initial gap 0.6 mm, final gap 4.6 mm, piston velocity 150 mm/s. 
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Figure 6.8: Transient extensional viscosity of thickened water as a function of relaxation Hencky strain for 5.63 - 12.10% 
thickened water. Initial gap 0.6 mm, final gap 4.6 mm, piston velocity 150 mm/s. 
 
Figure 6.9: Transient extensional viscosity of thickened skim milk as a function of relaxation Hencky strain for 2.40 - 6.84% 
thickened skim milk. Initial gap 0.6 mm, final gap 4.6 mm, piston velocity 150 mm/s. 
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6.4 Discussion 
The aims of this chapter were to (a) rheologically characterise thickened fluids in 
extensional deformation, (b) determine the surface tension of thickened fluids at different thickener 
concentrations, and (c) investigate the differences in extensional rheology and surface tension of 
thickened fluids in different dispersing media (water and milk).  
The rheology of thickened fluids in extensional deformation was characterised using the 
Cambridge Trimaster and the surface tension of thickened fluids was measured by the Bubble 
Pressure Tensiometer. The following sections discuss the surface tension, extensional viscosity and 
the filament breakage times in more detail.  
6.4.1 Surface Tension 
It was observed that by increasing the concentration of the thickener, the apparent surface 
tension of the fluid is decreased (Figure 6.3). It is thought that the xanthan gum tends to accumulate 
at the surface in preference to remaining in the bulk when it is dissolved in water (Docoslis et al., 
2000, Lee et al., 2012). Furthermore, it was observed that the surface tension of thickened skim 
milk is generally lower than that of thickened water (p < 0.01). This is because the whey protein in 
the milk also accumulates at the surface, thus further lowering the surface tension of the fluid 
(Tomczynska-Mleko et al., 2014). It was observed that the surface tension of thickened water 
obtained in this experiment is similar to the surface tension of xanthan gum solutions reported from 
the literature (Lee et al., 2012).  
Limited literature can be found on the effect of surface tension on human swallowing. It is 
believed that surface tension of the fluid is not directly related to bolus flow in the pharyngeal 
phase, however it may affect the cohesiveness of the bolus. It is the cohesion in thickened fluids 
that make them safer for individuals with dysphagia to swallow, in addition to their slower rate of 
bolus flow in the pharyngeal phase. As the level of thickener was increased therefore both the shear 
viscosity increases and the surface tension decreases. There will thus be a correlation between the 
shear viscosity and the surface tension, with potentially differing forms and constants for different 
thickener/fluid systems. This is an important point to consider when it comes to measurement of 
thickened fluids, especially using low technology devices (e.g. the Bostwick Consistometer and the 
Line Spread Test (LST)). Measurements from these devices rely on slow fluid spread due to gravity 
at very low shear rates (<0.3 s-1). Flow under these conditions is likely affected by both shear 
viscosity and surface tension of the fluid. Similarly, it is suspected that measurements using the 
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‘fork test’ are influenced by the surface tension of the fluid. However it is very likely that the 
influence of surface tension in these measuring devices will differ from the influence of surface 
tension during actual consumption of the thickened fluids, which again brings into question the 
effectiveness of these devices for testing thickened fluids. The significance of surface tension of the 
fluid on the measurement of thickened fluids (e.g. ‘fork test’, and using Bostwick Consistometer 
and LST devices) will be addressed in Chapters 7 and 9 respectively.  
6.4.2 Maximum Extensional Viscosity 
The results obtained in this experiment are consistent with the results from 1.0% xanthan 
gum obtained by Mackley et al. (2013). The apparent shear viscosity at 50 s-1 of 1.0% xanthan gum 
solution was measured by Mackley et al. (2013) to be approximately 280 mPa.s and had a filament 
breakage time of 143.3 milliseconds. Similarly, the filament breakage time of 2.82% thickener 
(equivalent to 1% xanthan gum) in our experiment, which has an apparent shear viscosity of 300 
mPa.s at 50 s-1, was measured to be 130 milliseconds. 
Mackley et al. (2013) reported that the filament breakage time of starch based thickener and 
xanthan gum solution with similar viscosities were significantly different. Indeed the filament was 
broken before the pistons had reached the final gap for starch-based thickened solutions. Mackley et 
al. (2013) suggested that these differences in filament breakage times are due to differences in 
intermolecular attraction in the various thickeners. It should be noted that the molecular structure of 
starch (swelling) is different than the molecular structure of xanthan gum (entangled) as mentioned 
in Chapter 2. This may be the reason for the differences in the filament breakage time. It should be 
noted that the extensional viscosity of the bolus at the time when the fluid filament broke is the 
maximum extensional viscosity of the bolus. Hence, the filament breakage time is related to the 
maximum extensional viscosity of the bolus.  
The maximum extensional viscosity of the fluid for thickened water and thickened skim 
milk was plotted as a function of thickener concentration for comparison (Figure 6.10). It should be 
noted that the maximum extensional viscosity of the lowest concentration of thickened skim milk 
was taken during the filament stretching of the fluid. It was observed that the maximum extensional 
viscosity increases and best follows an exponential trend line as the thickener concentration 
increases, regardless of the medium of the fluid. This behaviour agrees with the literature that 
shows that the maximum extensional viscosity increases exponentially as the polymer concentration 
increases (Vadillo et al., 2010, Tuladhar and Mackley, 2008). This shows that when the fluid was 
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thickened, not only did the shear viscosity increase, which slows down the flow of the bolus in the 
pharynx, but the extensional viscosity also increased to resist bolus stretch during elongation.  
It is noted that determining the cohesiveness of the fluid directly (i.e. resulting in a defined 
metric with units) is quite difficult. However, it is hypothesised that cohesiveness of the fluid is 
related to this maximum extensional viscosity of the fluid since this is the extensional viscosity of 
the fluid before it breaks. Therefore, the maximum extensional viscosity could be used as a proxy to 
estimate the cohesiveness of the fluid. A higher maximum extensional viscosity correlates with a 
higher cohesiveness of the fluid. For a given amount of thickener, it was observed that the 
maximum extensional viscosity, and hence the cohesiveness, decreases as the surface tension 
decreases. Thus, the maximum extensional viscosity for same thickener addition rate of thickened 
skim milk was lower than thickened water because thickened skim milk has a lower surface tension 
than thickened water (Figure 6.3) because of the protein in the milk. As the amount of thickener is 
increased, the surface tension is lowered, but this is more than compensated for by the increase of 
extensional viscosity in the bulk of the fluid, hence the maximum extensional viscosity of the fluid 
increases as more thickener is added. This behaviour has implication in dysphagia management. If 
the extensional viscosity of liquids is affected by changes to surface tension either inherent in the 
fluid or due to addition of thickener it may impact on the ability of the bolus to remain as a unit 
without fracturing during swallowing. On a related topic, a paper by Butler et al. (2009) reported 
that unthickened milk is more likely to be aspirated than unthickened water, even though the shear 
viscosity of milk (3 mPa.s) is higher than water (1 mPa.s). It is hypothesised that the reason for this 
is because the surface tension of milk is lower than water. Thus milk is less cohesive than water 
which appears to increase the risk of aspiration. The results of the current study further suggest that 
the maximum extensional viscosity of the bolus is also dependent on the dispersing media of the 
fluid. Therefore, knowing the maximum extensional viscosity of the fluid also appears to be 
important for dysphagia swallowing safety. 
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Figure 6.10: The maximum extensional viscosity of thickened water and thickened skim as a function of thickener 
concentration. Initial gap 0.6 mm, final gap 4.6 mm, piston velocity 150 mm/s 
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6.5 Conclusions 
The rheological behaviour of thickened water and skim milk in extensional deformation as 
well as measures of their surface tension were observed at different thickener concentrations. The 
extensional viscosity of the fluids was calculated using the equations that were developed by 
Vadillo et al. (2010). It was observed that the extensional viscosity increased over time as the 
filament thinned, (i.e. as the Hencky strain increased) until it reached a plateau. However, the 
plateau was not visible at low thickener concentrations as the fluid filament was broken rapidly 
before it reached the plateau.  
It was observed that the maximum extensional viscosity of thickened skim milk was lower 
than thickened water for a given amount of added thickener due to the lower surface tension of 
thickened skim milk than thickened water (Lucas et al., 2002), which lowers the cohesiveness of 
thickened skim milk. The surface tension of thickened skim milk is lower than thickened water due 
to the accumulation of whey protein in the milk at the surface (Tomczynska-Mleko et al., 2014). 
However, it was also shown that the surface tension of either fluid decreased as the thickener 
concentration increased due to accumulation of the xanthan gum at the surface of the fluid when it 
is dissolved in water (Docoslis et al., 2000, Lee et al., 2012). Although the surface tension of the 
fluid was reduced, the extensional viscosity of the bulk fluid was also increased when more 
thickener was added. Due to this, the maximum extensional viscosity of the fluid increases as more 
thickener is added.  
It is believed that a high maximum extensional viscosity reduces the risk of breakage of the 
bolus due to elongation while swallowing, because of its effect on the cohesiveness of the fluid. 
Although the cohesiveness of the fluid was not measured directly, the cohesiveness can be 
estimated by comparing the maximum extensional viscosity of the fluids. It was shown that the 
maximum extensional viscosity of the fluid increases with higher concentration of thickener 
(Figure 6.10). The findings from this experiment show that by increasing the concentration of 
thickener, it will not just increase the shear viscosity (i.e. bolus’ thickness) of the fluids, but also 
bolus’ extensional viscosity, thus enhancing safe swallowing. 
The results from this experiment show that extensional viscosity and surface tension are 
important swallowing parameters as they are related to the cohesiveness of the bolus. However, 
what is not yet known if they have any other intrinsic relevance to human swallowing. Future 
clinical studies are needed to evaluate the relevance of extensional viscosity and surface tension in 
swallowing. Additionally, it is not yet known how or whether the parameter of surface tension is 
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taken into account when measuring the fluid thickness using devices such as the ‘fork test’, 
Bostwick Consistometer and LST. It is believed that the fluid flow measurement using these 
measuring devices may be influenced by the surface tension of the fluid. The significance of surface 
tension of the fluid on the clinical measurement of thickened fluids, using the ‘fork test’ and on the 
measurement derived from the Bostwick Consistometer and LST will be further discussed in 
Chapters 7 and 9 respectively.  
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CHAPTER	7 	
 
 
7.1 Introduction 
As discussed in Chapter 2, measurement of thickened fluids in Australia is subjective as it 
relies on people’s judgement to decide whether the fluid has the correct thickness or not. Therefore, 
determining an objective assessment is important to allow dysphagic patients to receive a consistent 
thickness of thickened fluids. It was proposed by Cichero et al. (2000a) that rheological measurement 
should be used to identify the properties of the thickened fluids. Previous chapters have focused on 
the rheology of thickened fluids and how they might affect the flow properties of the fluids, however 
the clinical relevance of these rheological measures in Australia’s fluid thickness levels has not been 
studied. It was acknowledged in the Australian standards that testing scales for viscosity exist, but 
have not been standardised, and therefore were not included in the standards (Atherton et al., 2007).  
In the US, The National Dysphagia Diet (NDD) has used rheological measurements to define 
the thickness of thickened fluids. They have only specified the viscosity range measured in steady 
shear at 50 s-1 for each of their thickness levels: Nectar-thick (51 – 350 cP), Honey-thick (351 – 1750 
cP) and Pudding-thick (>1750 cP) (National Dysphagia Diet Task Force, 2002). 
	
Viscosity	of	Thickened	Fluids	that	
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(note that 1 cP = 1 mPa.s in SI units). Similarly, the viscosity range in steady shear at 50 s-1 was 
defined for the Japanese fluid thickness standards: Mildly Thick (50 - 150 mPa.s), Moderately Thick 
(150 – 300 mPa.s) and Extremely Thick (300 - 500 mPa.s) (Ministry of Health and Labour and 
Welfare, 2009). In contrast, many other countries with standardised definitions do not have objective 
measures, such as Australia, UK and Ireland (Atherton et al., 2007, Gatehouse, 2011, Irish Nutrition 
and Dietetic Institute, 2009).  
As mentioned in Chapter 2, and as noted above the viscosity ranges in the USA are very broad. 
For example, for ‘honey-thick’ products liquids the consistency of 400 cP and 1600 cP would both 
be considered ‘honey-thick’ and yet have noticeably different thickness levels which might lead to 
confusion for health care providers and patients. Additionally, the viscosity ranges in the USA and 
Japan do not have band gaps to differentiate between levels. The viscosity range should not be too 
small so that it would be difficult to follow the guidelines, but also that it should not be too large as 
this may endanger patients if the resulting thickness of different drinks within a range is very different. 
Additionally, the range should have a distinct band gap between each level, as otherwise a difference 
of only 1 mPa.s, which is much smaller than any difference that could be seen either clinically or 
experimentally, would lead to a fluid falling ‘into range’ or ‘out of range’ (Smith et al., 2006, Steele 
et al., 2014a). 
The current Australian Guidelines identify the thickness level of thickened fluids by 
performing the ‘Fork Test’, which requires a person to drag a fork upwards through a liquid sample 
and observe its flow properties against a set of descriptions. As mentioned in Chapter 2, it is the most 
economical and accessible method as it only requires a fork. However, it is not accurate as it relies 
on people’s judgement to decide whether the fluid has the correct thickness or not. Additionally, 
several rheological parameters, such as viscosity, yield stress and surface tension may influence the 
decision-making regarding the thickness of the fluid according to the ‘fork test’ assessment. It is 
obvious that viscosity has a measurable effect on the decision based on the ‘fork test’. Yield stress on 
the other hand is suspected to have a measurable effect as well, since fluids with a higher yield stress 
will not as easily flow off the prongs. As noted in Chapter 6, cohesion and surface tension are also 
important for deciding on the suitability of thickened fluids. However, the clinical relevance of 
surface tension of the fluid when measuring the fluid thickness with a ‘fork test’ had not been 
observed. 
This chapter therefore aims to investigate both how reliably the current ‘fork test’ can be 
performed, and how the results of the ‘fork test’ relate to the rheological parameters of the fluids. 
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Two blinded surveys were performed. The first survey aimed to determine the ranges of viscosity that 
best describe the three levels of thickened liquids used in Australia based on a blinded categorisation 
of samples of known viscosity by two groups. This is proposed as a general methodology to determine 
relevant parameter ranges for use as an objective Australian Standard for thickened liquids. Since 
shear viscosity is thought to be the major parameter, this was chosen in this study to demonstrate the 
methodology.  
The second survey aimed to observe whether differences in the surface tension of the fluid 
influenced the decision-making regarding the thickness of the fluid according to the ‘fork test’ 
assessment. In this survey, the proposed methodology is expanded to look at additional important 
parameters, other than viscosity. As discussed in Chapter 6, during swallowing the bolus undergoes 
extensional deformation. It was shown that surface tension is a controlling factor of the maximum 
extensional viscosity which is in turn related to the cohesiveness of the bolus (as shown in 
section 6.4.2). Therefore, surface tension which is more easily controlled and measured was selected 
as the parameter to vary in this survey.  
7.2 Methods 
This project was approved by the ethics committee of the School of Chemical Engineering, 
University of Queensland in accordance with the National Health and Medical Research Council’s 
guidelines. Informed consent was obtained prior to commencement of the survey. An invitation email 
to participate in this project was sent out to all staff, undergraduate, and postgraduate students in the 
School of Chemical Engineering at The University of Queensland to recruit the lay people. Similarly, 
an invitation email was sent out to Speech Pathology Departments in major public hospitals in 
Brisbane to participate in this project as clinicians. The speech pathologists were required to have 
working experience in the health industry for more than one year and clinical experience using 
thickened fluids in the management of people with dysphagia. Clinicians were also recruited from 
those attending a postgraduate dysphagia education event held in Brisbane in April 2014. Participants 
at the education event came from all over Australia. 
In the first survey, the participants were divided into two groups. Group one consisted of 
clinicians with experience of making up and using thickened fluids for the management of dysphagia, 
(i.e. to find out the objective range that corresponds to what the clinicians believe to be ‘safe’). Results 
from this group were contrasted with results from group two, consisting of lay people who had no 
previous experience in this area to find out how accurately people with minimal training can follow 
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the current guidelines for evaluation of fluid thickness level categorisation. On the other hand, the 
participants were not grouped as clinicians or lay-people in the second survey.  
7.2.1 Sample Preparations 
The commercial thickener product selected for use was Resource ThickenUp® ClearTM 
(Nestlé). The fluid used in this study was Brisbane tap water at room temperature. The samples were 
prepared in plastic cups labelled with random two digit identifiers so that the participants did not 
know the identity of the solutions. 
The apparent viscosities of the samples were measured on a Thermo Scientific RheoScope 1 
at room temperature (25°C) as described in Section 3.4.2. A single point steady shear test was used 
to measure the apparent viscosity of the sample at 50 s-1. Additionally, step rate tests were performed 
at a low shear rate of 0.1 s-1 to measure the yield stress of the fluid. The surface tension of the samples 
was measured on a Kruss BP2 Bubble Pressure Tensiometer at room temperature (25°C) as described 
in Section 6.2.4.  
Fifteen samples of thickened water with varying concentrations of thickener (similar to the 
samples in Chapter 6) at room temperature were prepared for the first survey (See Table 7.1 for the 
rheological parameters of the samples for this survey). Once again, a linear relationship between 
viscosity and yield stress was observed as was seen previously for other systems (Chapter 3, Figure 
3.8, which includes these data). This suggests that there is a single controlling variable in this system. 
Since the aim of this experiment was to determine the ability of users to judge the thickness of the 
fluids according to the Australian guidelines, the data were analysed in terms of the shear viscosity 
rather than the concentrations which would be system dependent.   
Five samples of thickened water were prepared for the second survey. Some of these samples 
had similar viscosities, but different surface tension. Dettol® liquid soap was used to decrease the 
surface tension of the fluids. A range of surface tensions was initially intended, however, similar 
surface tensions of the fluid were obtained regardless of the concentration of soap that was added, so 
this was not achievable. The rheological parameters of the samples for the second survey can be seen 
in Table 7.2. All of the samples were prepared as described in Section 3.2.1.  
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Table 7.1: The rheological parameters of thickened water samples for first survey 
Label Thickener Added  
(wt %) 
Apparent Viscosity at 
50 s-1 (mPa.s) 
Apparent Yield Stress 
(Step Rate at 0.1 s-1) (Pa) 
91    0.70 55    0.37 
92    0.88 65    0.56 
64    1.00 90    0.96 
10    1.30 125    1.56 
28    1.54 160    2.81 
97    1.96 200    3.99 
55    2.40 250    6.41 
16    2.82 300    6.92 
49    4.00 460    8.23 
81    5.63 570  11.70 
15    6.50 650  13.55 
43    8.50 800  18.27 
80    9.50 950  19.83 
85  11.50 1150  22.54 
94  12.10 1360  25.54 
Table 7.2: The rheological parameters of the thickened water samples for second survey 
Label Thickener Added 
(wt %) 
Soap  
(wt %) 
Apparent Viscosity 
at 50 s-1 (mPa.s) 
Surface Tension 
(mN/m) 
45 1.54 1.0 152 29.7 
77 1.54 0.5 176 26.1 
49 1.54 0.1 148 26.5 
22 1.54 0.0 160 70.7 
54 4.00 0.0 448 65.0 
7.2.2 Participants 
7.2.2.1 First Survey – Viscosity 
Thirty-three clinicians (32 female and 1 male, age range 21 – 60 years) who had experience 
preparing thickened fluids for individuals with swallowing difficulty and thirty-five lay-people 
(gender equally represented, age range 18 – 60 years) were recruited for this survey. The clinician 
participants were 32 speech pathologists and 1 nurse; the group had a mean of 7 years’ experience 
(range 1 – 30+ years) in the management of people with dysphagia. The speech pathologists were 
drawn from around Australia. The lay-people were university students, chemical engineers and food 
technicians based in Brisbane, Australia. 
7.2.2.2 Second Survey – Surface Tension 
Twenty-three participants (14 male and 9 female, age range 19 – 55 years) were recruited for 
this survey. They were university students, chemical engineers and a speech pathologist based in 
Brisbane, Australia. In this survey the participants were not grouped as clinicians or lay-people.  
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7.2.3 Procedure  
A similar procedure was followed for both surveys. The participants were briefed about the 
aim of the project prior to taking the survey, and completed a consent form. A demonstration of how 
to perform the ‘fork test’ was given to the lay participants by the project investigator. The participants 
were provided with a poster showing and describing the Australian national descriptors for the three 
levels of thickness used in Australia (Atherton et al., 2007, Dietitians Association of Australia, 2007). 
Participants were also provided with a selection of plastic spoons and forks, as the poster shows flow 
from a spoon rather than through fork tines. All of the samples were presented to the participants in 
a random order. They were asked to categorise each sample into one of seven categories – less than 
Level 150, Level 150, between Level 150 & 400, Level 400, between Level 400 & 900, Level 900 
and over Level 900. Participants were allowed to add comments on the samples if they were uncertain. 
However, participants were not allowed to collaborate during the test, thus each judgement was 
determined individually without discussing it with other participants. 
7.2.4 Statistical Analysis 
7.2.4.1 First Survey – Viscosity  
For each of the seven thickness categories, the mean and 95% confidence limits of viscosity 
of the fluids that had been allocated to that category by the participants were calculated. An analysis 
of variance (ANOVA) with Tukey’s method to make pairwise comparisons, was used to determine 
whether there were any statistically significant differences (p = 0.05) between the categories. The 
clinicians and lay people results were analysed separately. 
Additionally, box and whisker plots of the viscosity level results for lay people and clinicians 
were generated for comparison. Pearson’s r was calculated to determine the extent of correlation 
between the clinicians’ and lay peoples’ results. The statistical analysis was performed using Minitab 
16 Statistical Software. 
7.2.4.2 Second Survey – Surface Tension 
The second survey data were analysed to determine the effect of surface tension on the 
perceived thickness. It was noted that all the samples with soap added had a similar surface tension, 
that is, lower than the samples without soap and were therefore treated as a group. The differences in 
the categories assigned to the fluids with the differing surface tension by each participant was 
calculated to give a ‘surface tension effect score’. In a similar manner, the differences in the categories 
assigned to fluids with the same surface tension and differing viscosities were used to obtain a 
‘viscosity effect score’.  
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The mean score and 95% confidence limits for surface tension and viscosity differences were 
calculated. The main effects plot for viscosity and surface tension was graphed to show the effects of 
viscosity and surface tension on the ‘fork test’ assessment. The statistical analysis was performed 
using Minitab 17 Statistical Software. 
7.3 Results 
7.3.1 First Survey – Viscosity  
7.3.1.1 Clinicians 
495 fluids were evaluated across 33 participants. It can be seen from Figure 7.1 that there are 
clear responses for very thin fluid (< 90 mPa.s) and very thick fluid (> 1150 mPa.s), but large variation 
of responses in the middle. For example, for the 460 mPa.s fluid, 33% of respondents chose ‘Level 
400’, 27% of respondents chose ‘between Level 400 & Level 900’, and 27% of respondents chose 
‘Level 900’. 
The statistical analysis of the results can be viewed in Table 7.3. Looking at the Tukey groups 
in the viscosity results, it can be seen that the different categories are clearly distinguishable with the 
exception of <150 and Level 150 which were not statistically significantly different. This shows that, 
as a group, the clinicians were fairly like-minded. However, if only a single person were to test a 
fluid, then the categorisation is less clear. This is seen in Figure 7.1, where fluids that were deemed 
to be Level 400 ranged from 160 to 650 mPa.s, or alternatively a fluid that was actually 460 mPa.s 
was judged by different testers to range from Level 150 to Level 900.  
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Figure 7.1: Distributions of responses by clinician participants for each sample 
Table 7.3: Mean and 95% confidence limits of apparent viscosity at 50 s-1 of the fluids for each category for clinicians’ results 
Category Viscosity at 50s-1 (mPa.s) 
<150      86 ± 9 (F) 
150    136 ± 15 (F) 
>150 & <400    229 ± 25 (E) 
400    329 ± 33 (D) 
>400 & <900    611 ± 56(C) 
900    749 ± 59 (B) 
>900  1089 ± 47 (A) 
Notes: ± values are 95% confidence interval. *Mean values that do not share a letter within a column are statistically 
different (p < 0.05). 
7.3.1.2 Lay people 
525 fluids were evaluated across 35 participants. Figure 7.2 shows the lay peoples’ responses. 
These results are qualitatively similar to clinicians’ results. That is, there are clear responses for very 
thin fluids (<90 mPa.s) and very thick fluids (>1150 mPa.s), but large variations in response for 
intermediate viscosities.  
From these results it was observed that the ranges of responses for the clinicians are smaller 
than that of the lay people. Lower variability indicates that, as a group, the clinicians are more 
like-minded in the way they categorise thickened liquids into different thickness levels. The summary 
of the lay peoples’ results can be viewed in Table 7.4. Looking at the viscosity results, it can be seen 
that the mean apparent viscosity at 50 s-1 as determined by the group of lay people is slightly higher 
than that determined by the group of clinicians (p < 0.01 for all viscosity categories except <150, 150 
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and >900). These results show that the group of lay people believe the viscosities of Level 150, Level 
400 and Level 900 fluids are higher than the viscosities determined by the clinicians.  
 
Figure 7.2: Distributions of responses by lay participants for each sample 
Table 7.4: Mean and 95% confidence limits of apparent viscosity at 50 s-1 of the fluids for each category for laypersons’ results 
Category Viscosity at 50s-1 (mPa.s) 
<150      91 ± 9 (F) 
150    154 ± 20 (F) 
>150 & <400    257 ± 27 (E) 
400    417 ± 48 (D) 
>400 & <900    683 ± 67 (C) 
900    889 ± 62 (B) 
>900  1110 ± 55 (A) 
Notes: ± values are 95% confidence interval. *Mean values that do not share a letter within a column are statistically 
different (p < 0.05). 
A box and whisker plot of apparent viscosity at 50 -1 was generated for each of the fluid levels 
and type of participant (Figure 7.3). A logarithmic scale was used, as in common with many 
rheological parameters, it is the fractional change rather than the absolute differences that are relevant. 
The apparent viscosity difference between clinicians and lay people at Level 150 was not significant 
(p > 0.07). However, the viscosity differences became significant (p < 0.01) at Level 400 and 900. 
Pearson’s r evaluation revealed that the clinicians’ and lay peoples’ results were highly correlated 
(r = 0.993) with the clinicians’ assessment parallel with, but lower than the lay peoples’ results.  
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Figure 7.3: Box and whisker plot of apparent viscosity and fluid levels for Lay (L) and Clinician (C) 
 
7.3.1.3 Viscosity Ranges 
From the results derived from the clinicians, viscosity ranges for each thickness level were 
generated. To generate the lower boundary for Level 150, the upper limit of the 95% confidence range 
of the <150 category was used. It is believed that using the upper limit of <150 category as the lower 
limit for Level 150 is the most appropriate measure as this gives the limit of viscosity that the 
clinicians would consider not to be suitable for Level 150. Similarly, the lower limit of the 95% 
confidence range of the >150 & <400 category was used to generate the upper boundary for Level 
150. A similar method was used to determine the viscosity range for Level 400 and Level 900. Table 
7.5 summarises these viscosity ranges at 50 s-1 for each thickness level generated from the clinicians’ 
results. The results obtained from the clinicians are best placed to describe the viscosity of the fluid 
thickness levels as they have treated dysphagic patients and know the thickness that is clinically 
suitable for the patients.  
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Table 7.5: Apparent viscosity ranges for Australian Thickness Levels 
     
Unmodified 
Regular 
Fluids 
Level 150 
Mildly 
thick 
Level 400 
Moderately 
thick 
 Level 900 
Extremely 
thick 
< 95 mPa.s* 95 - 200 
mPa.s* 
260 - 550 
mPa.s* 
 670 - 1040 
mPa.s* 
Notes: *Apparent viscosity at 50 s-1. Colours following the current colour for Australian Thickness Levels for water 
thickened with xanthan gum based thickener at room temperature, 25°C.  
7.3.2 Second Survey – Surface Tension 
115 fluids were evaluated across 23 participants. 69 samples (sample no. 45, 77 and 49) were 
compared with sample no. 22 to observe the effect of surface tension on the ‘fork test’ assessment, 
while 23 samples (sample no. 54) were compared to sample no. 22 to observe the effect of viscosity 
of the ‘fork test’ assessment. The mean effect score for differences in surface tension was 0.4 ± 0.3 
which means that the variation was not clinically relevant (need score >1). In comparison, the 
difference for viscosity was 2.1 ± 0.5 which is clearly clinically relevant. A main effects plot of the 
differences in thickness level measured in the ‘fork test’ assessment for variations in the surface 
tension and viscosity of fluid was generated (Figure 7.4). 
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Figure 7.4: Main effects plot of 'fork test' assessment for viscosity and surface tension of the fluid. A score was given for one 
category difference between viscosity difference samples (sample 54 & 22) and surface tension difference samples (sample 22 
& 45, 22 & 49 and 22 & 77).   
7.4 Discussion 
The aims of this study were to (a) determine the rheological values that best described the 
three levels of thickened liquids used in Australia, (b) determine the potential differences between 
lay people and clinicians to categorise thickened liquids, and (c) observe whether differences in the 
surface tension of the fluid influences decisions regarding the thickness of the fluid according to ‘fork 
test’ assessment. 
As a group, the samples that the lay people categorised as Level 150, 400 and 900 fall within 
the viscosity ranges of the clinicians consensus score. This suggests that as a group, patients or carers 
at home should be able to determine the thickness of the fluids by following the poster guidelines. 
However, for an individual, large variations of responses were still observed for fluids ranging from 
125 mPa.s to 950 mPa.s. This suggests that lay people had difficulty in classifying the thickness of 
‘mid-viscous’ fluids especially Level 150 and Level 400. Similar variations were observed in the 
clinicians’ responses, especially for ‘mid-viscous’ fluids. Further consensus work and training may 
be needed to ‘tighten’ the categorisation of mid-viscous fluids. Given that thickened fluids are rarely 
mixed and then judged by a group of people, the large individual variations for both lay people and 
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clinicians point to the need for a more accurate system to determine what category a thickened fluid 
falls into (Level 150, Level 400 and Level 900).  
Although the clinicians had more practical experience subjectively evaluating the thickness 
of different fluids, and as a group performed with more precision, their individual results still showed 
a large variation. The task itself also may have contributed to the findings. For example, for liquids 
that are very thin, there were logically two choices; <150 or Level 150. Similarly, for liquids that 
were very thick there were again two logical choices; Level 900 or >900. However, in the mid-range 
participants needed to decide between five categories (Level 150, between 150 and 400, Level 400, 
between 400 and 900, Level 900), making this section the most challenging. Future studies that use 
a triangulation (a series of choices between only two categories at a time) might provide a more 
accurate indicator of the true mid-viscous range values.  
Some historical data demonstrates that thickened liquids in use in Australia have become less 
viscous over time. Comparing the mean viscosity of the fluids as determined by the clinicians in this 
experiment with the viscosity of Australian thickened fluids reported in a study in 2000 (Cichero et 
al., 2000a, Cichero et al., 2000b) , it can be seen that the viscosity measured in the year 2000 is higher. 
Level 150 which used to be called quarter thick, had a viscosity of approximately 190 mPa.s at 50 s-
1, Half thick (Level 400) had a viscosity of approximately 490 mPa.s and Full thick (Level 900) had 
a viscosity of approximately 840 mPa.s, compared to clinicians’ categorisation of 135, 330 and 750 
mPa.s respectively in the current study. One possible reason for this is because the clinicians have 
become used to comparing hand-thickened fluids to commercially available pre-thickened fluids as a 
pseudo-standard. It was observed that all the major public hospitals in Brisbane used commercially 
‘ready to drink’ pre-thickened products (Flavour Creations, Tennyson, Australia) to treat their 
patients. As can be seen from Section 3.6, the average viscosity of pre-thickened water and pre-
thickened cream values (190 mPa.s for Level 150, 415 mPa.s for Level 400 and 720 mPa.s for Level 
900) are similar to the viscosities identified by the clinicians to represent thickness levels used in the 
management of dysphagia. The ‘ready to drink’ range includes water-based, milk-based, juice-based 
and cordial-based products. It should be noted that pre-thickened water and pre-thickened cream are 
quite different in viscosity as shown in Table 3.9. Variations between other ‘ready to drink’ products, 
both within and between thickness levels are also likely. The variation between ‘ready to drink’ 
products, such as that seen between pre-thickened water and pre-thickened milk (cream) from Table 
3.6, may be contributing to the range of thicknesses considered to be acceptable within a thickness 
level (Level 150, Level 400, Level 900) 
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When the viscosity ranges developed from this study with the apparent viscosities obtained 
for the same system in Chapter 3 (Table 3.4) was compared, it can be seen these samples, thickened 
according to the manufacturer’s recommendation are generally thinner than the clinicians’ results. 
With Level 150 and Level 400 thickened water falling at the bottom of clinicians’ ranges and Level 
900 clearly much thinner. Other thickened fluids (Table 3.4, 3.7, 3.9, A.1 and A.2) were compared 
with the clinicians’ results, for instance Instant Thick shows that the fluid is too thin for all Levels. 
On the other hand, Precise Thick-N and Nutilis for Level 150 and Level 400 is within the clinicians’ 
ranges. However, Level 900 Precise Thick-N is considered too low, while Level 900 Nutilis is 
considered too high. This clearly shows that the apparent viscosity of the fluids is not the only 
parameter that is considered to determine the fluid thickness based on the manufacturer’s 
recommendation. The pre-thickened drinks are much closer to what clinicians are indicating are 
acceptable thickness levels. With further development to ensure consistency within thickness levels 
(i.e. pre-thickened water at Level 150 is the same as pre-thickened cream and pre-thickened juice 
etc.), the pre-thickened drinks could be more confidently used as a pseudo-standard.  
Most of the clinicians did not refer to the printed Australia National Descriptors that were 
provided, perhaps further explaining why the mean viscosity determined by clinicians was lower than 
that determined by lay people. Instead, it was most likely the clinicians already had an idea of how 
thick each level of the fluids should be by ‘internal calibration’, negating the need to refer to the 
guidelines. The reduction in the viscosity of thickened liquids that appears to have occurred over 
time, and reflected in the clinicians’ categorisation, suggests that the images currently used for the 
Australian standards need to be revised. The reason for the reduction in thickness levels over time is 
not readily apparent, but points to a need for the development of clinically determined therapeutic 
thickness levels to guide manufacturer standards.  
7.4.1 Proposed Methodology for Australian Fluid Thickness Standards 
The results from this study, developed using information from clinicians currently working in 
the field, could be used to augment the Australian Fluid Thickness Standards using the apparent 
viscosity range at 50 s-1 calculated from the clinicians’ results, (Table 7.5).  These standards could be 
used to help speech pathologists, patients, dieticians, nurses, carers and thickener manufacturers to 
clearly and consistently distinguish the thickness levels of thickened fluids. As can be seen in Table 
7.5, the proposed objective standards show ‘regular fluids’ as the unmodified fluids with three levels 
of thickened fluids. Note that the viscosities are to be measured at a shear rate of 50 s-1 at room 
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temperature and are only suitable for xanthan gum based thickened fluids. This shear rate is essential 
for the replication of correct consistencies.  
The proposed Australian viscosity ranges (Table 7.5) have two essential features that provide 
a point difference to the US and Japanese standards. Firstly, it can be seen that the proposed viscosity 
ranges have a distinct viscosity band gap that would differentiate Level 150 to Level 400 and Level 
400 to Level 900. If the viscosity of a fluid at 50 s-1 is above the Level 150 range and below the Level 
400 range, then the fluid is neither Level 150 nor Level 400. In contrast in the USA and Japanese 
standards, only 1 mPa.s separates thickness levels. Whilst two fluids differing in viscosity by 1 mPa.s 
could be ‘technically different’, in the real world such a difference is undetectable. Furthermore, 
research by Steele et al. (2014a) supports the need for a band gap between thickness levels. 
Participants in the Steele et al. (2014a) study were most accurate differentiating 190 vs 380 mPa.s 
(67% correct; measured at 50 s-1), followed by 220 vs 380 mPa.s (52% correct). This result is similar 
to the clinicians’ results obtained in this study.  
Secondly an upper-limit for the thickest level is proposed in contrast to the open ended 
thickness values of the US standards. Hind et al. (2012) reported that aspiration was observed when 
patients consumed very thick liquids (1500 mPa.s and 3000 mPa.s at 50 s-1) and thus, there needs to 
be an upper limit of therapeutic thickness levels such as that proposed by the Australian system.  
It was estimated that the viscosity difference that results from variations when using scoops 
that was calculated in Section 3.2 was not clinically significant for these ranges. It was calculated that 
the weight variations of the scoops is up to 13% (3% from levelling the scoop and 10% from packing 
the scoop). Consequently, the viscosity of the fluid will vary by up to 14% (based on Figure 3.7). It 
was estimated that this variation in viscosity should not be significant as the fluid viscosity will still 
fall within the range. This suggests that the proposed viscosity range is sufficiently big enough to 
account for viscosity difference due to scoop variation.  
The proposed system has distinct therapeutic and manufacturing advantages. A recent report 
demonstrates that while there is evidence to support the use of thickened liquids in dysphagia 
management, there is currently not enough quality research to recommend therapeutic thickness 
levels (Steele et al., 2015). Indeed the results of the current study provide ranges that are 
fundamentally different to those being used in the USA and Japan. The magnitude of variation in the 
US system allows for fluids that are six times the thickness levels to be included within a single 
thickness category (e.g. Nectar 51 – 350 mPa.s). In contrast, the magnitude of variation for the 
proposed Australian values and the Japanese values is much smaller (2-3 times magnitude thickness 
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variation within a thickness category), although the absolute viscosity ranges between the proposed 
Australian and Japanese systems are quite different. Whilst data from research is important for 
progression of the field, empirical data from clinicians, such as that obtained in the current study is 
also relevant. The proposed viscosity ranges should be clinically investigated to fine-tune the 
thickness levels that are most suitable for the patients to meet the needs of their dysphagia. From a 
manufacturing perspective, a viscosity range with distinct band gaps is easier to adhere to, than 
continuous levels such as the US and Japanese systems, where equipment calibration errors could 
potentially result in a liquid falling ‘into’ or ‘out of range’. 
7.4.2 Surface Tension 
It should be noted that the surface tension range employed in this experiment is much greater 
than would be expected in practice. It can be seen that both viscosity and surface tension influence 
the observers’ decision regarding the thickness of the fluid (Figure 7.4). However, it was observed 
that viscosity has a bigger effect than surface tension. The mean difference in viscosity is 
approximately 2 categories, which are expected as the samples were prepared for Level 150 and Level 
400 consistencies. On the other hand, the mean difference in surface tension was less than 1 category. 
This suggests that whilst the surface tension of a fluid statistically influences the ‘fork test’ 
assessment (p < 0.02), it does not appear to be clinically significant, as the score is less than 1 
thickness category (i.e. still in the same category).   
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7.5 Conclusion 
A blinded categorisation by clinicians of liquids of known rheological properties was used to 
determine objective values for the viscosity (measured at 50 s-1) and yield stress of water thickened 
by RTC corresponding to the levels described in the Australian standardised terminology. This 
viscosity range showed bands of acceptable thickness for each of the levels based on consensus. This 
study also clearly shows the gaps between thickness levels. These ranges make it more likely that a 
person with dysphagia will actually receive a consistent thickness of thickened liquid as opposed to 
a system where a 1 mPa.s difference differentiates thickness levels. In light of the fact that clinicians 
over time have reduced their opinion of what the levels should feel/look like, consideration should be 
given for generating new images that more closely equate to clinicians’ recommendations. 
Additionally, this viscosity range is a start of an objective assessment of thickened fluids and can be 
used as the measurement target in the development of an objective and inexpensive measuring device.  
It should be noted that the clinicians observed a viscosity difference within a range, especially 
at Level 400 consistency, as there is a variance of 37% between the upper and lower boundaries. 
Thickener manufacturers are encouraged to follow the viscosity range information presented for 
xanthan gum based thickened fluids and reformulate their recipes to ensure consistency with 
clinician’s needs. Manufacturers should consider noting on their instructions that different liquids 
may require different concentrations of thickener to achieve the desired thickness level. 
The results from this chapter have only developed viscosity range information and are only 
suitable for xanthan gum based thickened water at room temperature. However, it is hypothesised 
that both viscosity and yield stress are important considerations in the design of thickened liquids 
used for dysphagia management. The sensitivity of pharyngeal transit time on the bolus viscosity and 
the tongue pressure will be discussed in Chapter 8  
It is acknowledged that in order to determine if a fluid meets the proposed rheological metrics, 
specialist equipment, such as a rheometer and technical skills are required. It is also acknowledged 
that it is difficult to find an inexpensive but reliable tool that differentiates fluids of different thickness 
levels. The results of this study show that the current ‘fork test’ does not provide sufficiently accurate 
results to distinguish fluids of different thickness levels, especially those in the mid-viscous range. 
Furthermore, although surface tension does not appear to influence thickness categorisation to a point 
where it would affect allocation of the drink to the different thickness levels, it is suspected that 
surface tension has some effect in the measuring devices currently used, such as the Bostwick 
Consistometer or Line Spread Test. The Bostwick Consistometer or Line Spread Test are commonly 
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used by the healthcare industry to measure the thickness of thickened fluids, will also depend on 
multiple factors. These considerations will be discussed in Chapter 9.  
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CHAPTER	8 	
 
8.1 Introduction 
In the previous chapters, the emphasis was on the rheological characterisation of thickened 
fluids under different conditions and parameters that may be relevant for dysphagia sufferers were 
considered. In this chapter, the focus now turns to the environment in which thickened fluids are 
used (i.e. the human throat). As mentioned in Chapter 2, there are a number of parameters that 
influence safe bolus transport from the mouth to the stomach, other than the bolus’ characteristics, 
such as tongue pressure and bolus volume (Nicosia et al., 2000, Konaka et al., 2010, Hirota et al., 
2010, Steele et al., 2014b, Dantas et al., 1990, Hashimoto et al., 2014). When dysphagic patients 
generate insufficient tongue pressure to propel the bolus through the mouth in the oral phase, there 
may be residue in the pharynx that may cause aspiration. Steele et al. (2015) reports the risk of 
post-swallow residue in the pharynx observed for liquids with higher viscosities. Post-swallow 
residue after a swallow is generally not desired because multiple swallows are required for the 
individuals to clear it which may result in muscle fatigue and increase the risk of aspiration after the 
airway protection is released (Cichero and Murdoch, 2006, Hayoun et al., 2015). 
Ideally, the processing behaviour of thickened fluids in the human throat could be evaluated 
through computational modelling. However, as mentioned in Section 2.6.1, it is believed that it 
would be hard to obtain results from a computational model that directly reflects the real human 
swallowing as many assumptions have to be made in developing a model. Therefore, as a practical 
	
Physical	Model	of	Artificial	Throat 
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alternative, the processing behaviour of thickened fluids in the human throat can be evaluated 
through a physical model (Mackley et al., 2013).  
The aim of the work reported in this chapter was to evaluate the processing behaviour of 
thickened fluids in a physical model with a geometry similar to the human throat to observe the 
effect of fluid viscosity, tongue pressure and bolus volume on the bolus transit time and the mass 
residues left in the pharyngeal space after swallowing. The device used was the ‘Artifiical Throat’ 
(Hayoun et al., 2015) owned by Nestlé Research Centre, Lausanne. It is a modified version of the 
‘Cambridge Throat’ which was designed by Professor Malcolm Mackley at The University of 
Cambridge, UK. The ‘Artificial Throat’ was used by Hayoun et al. (2015) to investigate the effect 
of viscosity, driving force and volume on the oral transit time and measured residue in the oral 
phase (i.e. as the bolus is pushed by the ‘tongue’). However, this experiment focused on the effect 
of viscosity, driving force and volume on the pharyngeal transit time and measured residue in the 
pharyngeal phase (i.e. when the bolus was not pushed by the ‘tongue’ and flow through the device).   
8.2 Materials & Methods 
The commercial thickener product selected for analysis was Resource ThickenUp® Clear 
(Nestlé) and the liquid used in this study was Vittel water (Nestlé). The samples were prepared as 
described in Section 3.2.1.  
8.2.1 Artificial Throat 
Figure 8.1 shows a photograph of the Artificial Throat and the detailed drawing of the arm 
and roller. The model was a 2D channel in optically transparent Perspex that was divided into two 
phases; the oral phase and the pharyngeal phase. A roller, attached to a pivoting arm, simulates the 
contracted part of the tongue, propelling the bolus. The beginning and the ending of the pharyngeal 
phase were marked with tape strips that represent the length of the pharynx, L. The length was 5 cm 
as this was comparable to the length of a human pharynx (Meng et al., 2005, Salinas-Vázquez et al., 
2014). The model was designed to match the approximate profile of the human throat as can be seen 
in Figure 8.1.  
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Figure 8.1: (a) Photograph of Artificial Throat experiment setup. (b) Detailed drawing of the arm and roller without 
liquid (Source from Hayoun et al. (2015)) 
 
The action of the tongue was imitated by releasing a weight on a pulley wheel which 
generated a constant torque. The roller position during the experiment was defined by the angle θ. 
Thin tubing soft membrane made of a polyethylene was attached to the top of the Perspex throat 
and the fluid was injected into the tubing via a syringe and pushed manually to the starting position. 
When empty and flat the width of the tubing was WT = 23 mm and its thickness 0.1 mm.  
The arm was initially blocked by a pin and different weights used to apply ranges of torques 
to the arm. Following the methodology developed by Hayoun et al. (2015), with an assumption 
based on neglecting acceleration and other factors, this torque could be converted into an effective 
roller pressure. To perform experiments in the throat, the pin was released and the weight pulled the 
arm and the roller, propelling the bolus inside the membrane. The images from the time of pin 
release until the fluid had stopped moving through the throat were captured with a high speed 
camera (Photon FastCam SA3). The camera was set to capture images at 500 fps.  
The effect of the fluid shear viscosity at 50 s-1 (η50), roller estimated pressure (P) and 
volume of the bolus (V) on the bolus transit time and the residues left in the pharyngeal space in the 
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artificial throat was observed (See Table 8.1 for experimental conditions). The apparent shear 
viscosity of the samples was measured on Thermo Scientific Rheoscope 1 rheometer as described in 
Section 3.4.2.  
Three series of experiments were conducted: (A), changing the bolus viscosity, (B), 
changing the initial roller estimated pressure, (C), changing the volume of the bolus. Seven samples 
were prepared at different concentrations. Table 8.1 summarises the experimental conditions in this 
study. The estimated pressure selected was comparable with an estimated tongue pressure generated 
when swallowing (Steele et al., 2014b). Similarly, the bolus volume selected was also comparable 
with the estimated bolus volume for dysphagic swallow (McCulloch et al., 2010). The experiments 
were performed at room temperature (25°C) and repeated four times with the mean of the measures 
calculated for the analysis.  
Table 8.1: Summary of the Artificial Throat experimental conditions 
Experiment η50 (mPa.s) Weight (g) P (kPa) V (mL) 
A1 160 380 12 5 
A2 200 380 12 5 
A3 300 380 12 5 
A4 460 380 12 5 
A5 570 380 12 5 
A6 800 380 12 5 
A7 950 380 12 5 
B1 460 280 9 5 
B2 460 470             15 5 
C1 460 380 12 2 
C2 460 380 12 10 
8.2.1.1 Artificial Throat Analysis 
ImageJ, a Java-based image processing program (Schneider et al., 2012) was used to extract 
the pharyngeal transit time. The video captured by the high speed camera was converted into 
pictures for every 2 milliseconds. Dantas et al. (1990) defined transit time through the pharynx as 
the time from when the bolus tail is at the oral pillars of fauces (near the oral tonsils) to when it 
passes through the upper oesophageal sphincter (UES) (i.e. bolus tail leaves the pharynx). 
Therefore, the pharyngeal transit time was measured in the artificial throat by measuring the 
duration from when the bolus tail entered the pharyngeal area (i.e. first tape mark) until the bolus 
tail left the pharyngeal phase (i.e. second tape mark). Macros defined in ImageJ were used to extract 
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the bolus tail movement in the pharyngeal phase. Finally, the residual liquid mass in the pharyngeal 
space was obtained by weighing the fluid that came out of the Artificial Throat and the mass 
residue, m in the plastic tubing (i.e. oral space).  
8.2.2 Statistical Analysis 
For each of the experimental conditions, the mean and 95% confidence limits of the bolus 
transit time and the mass residue in the pharyngeal space were calculated. An analysis of variance 
(ANOVA) was carried out to determine whether there were any statistically significant differences.  
A p-value below 0.05 was regarded as statistically significant. The statistical analysis was 
performed using Minitab 17 Statistical Software.  
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8.3 Results & Discussion 
Figure 8.2 shows the photographic sequence of the throat action for viscosity 460 mPa.s at 
50 s-1, estimated pressure 12 kPa, volume 5 mL. It can be seen that when the roller had stopped 
pushing the bolus from the oral phase (0 ms), the bolus tail enters the pharyngeal phase.  
-326 ms -218 ms -72 ms 0 ms 
    20 ms 50 ms 74 ms 170 ms 
    Figure 8.2: Photographic sequence of the throat action for η50 = 460 mPa.s,  P = 12 Pa, V = 5 mL. t = 0 is when the bolus tail 
entered the pharyngeal area. 
8.3.1 Pharyngeal Transit Time 
Figure 8.3 – 8.5 shows photographic sequence of the throat in the pharyngeal phase for 
experiment A (viscosity variation), B (estimated pressure variation) and C (volume variation) 
respectively.  
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Figure 8.3: Photographic sequences of the throat in the pharyngeal phase for viscosity variation (a) 200 mPa.s, (b) 460 mPa.s 
and (c) 800 mPa.s at 50 s-1. Estimated pressure 12 kPa, volume 5 mL. 
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Figure 8.4: Photographic sequences of the throat in the pharyngeal phase for estimated pressure variation (a) 9 kPa, 
(b) 12 kPa and (c) 15 kPa. Apparent viscosity 460 mPa.s at 50 s-1, volume 5 mL. 
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Figure 8.5: Photographic sequences of the throat in the pharyngeal phase for volume variation (a) 2 mL, (b) 5mL and 
(c) 10 mL. Apparent viscosity 460 mPa.s at 50 s-1, estimated pressure 12 kPa. 
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Figure 8.6 – 8.8 summarise the pharyngeal transit times at different viscosities, estimated 
pressures and bolus volumes respectively.  
It can be seen from Figure 8.6, that higher viscosity significantly increases the pharyngeal 
transit time (p < 0.01). This was expected because when the bolus flows along a wall, at a given 
shear stress (related to the applied pressure), an increased bolus viscosity will lead to a reduced 
shear strain and hence flow rate; thus longer transit time in the pharynx. This result showed that 
bolus flow in the model pharynx is highly sensitive to the change of bolus viscosity. A small 
increase in bolus viscosity will be able to increase the pharyngeal transit time significantly. This 
suggests that changing bolus viscosity of the fluid is the most effective method to alter the 
pharyngeal transit time.  This in vitro result supports the clinical evidence showed by Dantas et al. 
(1990) that higher bolus viscosity increases the pharyngeal transit time of the bolus.   
 
 
Figure 8.6: Pharyngeal transit time of thickened water as a function of apparent viscosity at 50 s-1. Estimated pressure 
12 kPa, bolus volume 5 mL. 
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Figure 8.7: Pharyngeal transit time of thickened water as a function of initial roller estimated pressure. Apparent viscosity 
460 mPa.s at 50 s-1, bolus volume 5 mL. 
 
 
Figure 8.8: Pharyngeal transit time of thickened water as a function of bolus volume. Apparent viscosity 460 mPa.s at 50 s-1, 
estimated pressure 12 kPa. 
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It can be seen from Figure 8.7, that lower roller estimated pressure increases the pharyngeal 
transit time (p < 0.01). This suggests that the fluid flows slower when the swallowing tongue 
pressure is lowered. It is known that individuals with dysphagia generate tongue pressures lower 
than those with a healthy swallow (Hirota et al., 2010, Konaka et al., 2010, Butler et al., 2011). It 
was observed that the tongue pressure observed for people with swallowing difficulty to swallow 
5 mL of unthickened water was as low as 4.6 kPa. This suggests that people with dysphagia will 
have longer pharyngeal transit time compare to healthy individuals with a normal tongue pressure 
of 15 kPa. This result supports the clinical data that was reported that the pharyngeal transit time for 
dysphagic swallows was longer than for healthy swallows (ClavÉ et al., 2006). However, since 
thickened fluids have higher yield stresses than unthickened fluids, the individuals still need to 
generate at least a minimum pressure to propel the bolus through the mouth in the oral space 
(Reimers-Neils et al., 1994).  
It can be seen from Figure 8.8, that the pharyngeal transit time for a 2 mL bolus is higher 
than for a 5 mL bolus (p < 0.01). However, it was observed that the pharyngeal transit time for a 
10 mL bolus is similar to the pharyngeal transit time of a 5 mL bolus (p > 0.20). The lowest volume 
results were unexpected as In vivo studies by Dantas et al. (1990) reported that there was no 
significant effect of bolus volume on the pharyngeal transit time. The result from the in vitro study 
indicated an inaccuracy with the artificial throat device. It was observed that the wall in the model 
was dry and thus some of the bolus adhered to the wall surface as the bolus was flowing. As 
measured almost 45% of the 2 mL bolus adhered to the artificial throat wall which would have 
affected the flow of the remainder of the bolus and would not be representative of in vivo 
swallowing. In a healthy human pharynx, the wall is obviously not dry as there would be saliva to 
lubricate the flow of the bolus. However, it is of note that in individuals with dry mouth 
(xerostomia), a similar effect to that seen in the model may be observed. It has been observed that 
individuals with dysphagia due to head and neck cancer have very long pharyngeal transit time and 
increased risk of pharyngeal residue due to the dry mouth (Stokes et al., 2013) that occurs as a side 
effect of cancer treatment to the mouth and throat (Turner and Ship, 2007). It is clear that this 
device is not capable to evaluate the processing behaviour of thickened fluids for small bolus 
volume, therefore no further analysis for volume was required.  
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8.3.2 Mass Residues 
Figure 8.9 – 8.10 shows the mass residue left in the pharyngeal space at different bolus 
viscosities and estimated pressures respectively. It was observed that the mass residue left in the 
pharyngeal space was significantly influenced by the viscosity of the bolus (p < .01) and the bolus 
volume (p < 0.01). However, the mass residue was not significantly influenced by the initial roller 
estimated pressure (p > 0.25). Note that the absolute values of the residue were considered rather 
than the fractions of the bolus remaining as it is the absolute value of amount of residue that will 
lead to clinical problems.  
The result suggests that while increasing the bolus viscosity slows down the flow, thus 
increasing the pharyngeal transit time, it also increases the residue left in the pharynx which can 
potentially lead to aspiration after the airway protection is released. Therefore, it is important for the 
patients to consume thickened fluids that are thick enough to be swallowed safely while avoiding 
the danger of post-swallow residue. The results obtained from this experiment support the 
observations made in a recent systematic review (Steele et al., 2015) that there was a heightened 
risk of post-swallow residue in the pharynx for liquids with higher viscosity. 
As mentioned in the previous section, the wall in the physical model is not lubricated. 
Therefore, it is suspected that the values obtained from this experiment are not as accurate as the 
healthy human throat that is lubricated by saliva. It is suspected that there will be less residues in 
the real human throat. However, it is believed that the trend obtained from this experiment is also 
expected in the real human throat. This result supports Hind et al. (2012) which shows an increased 
risk of residue with liquids at higher viscosity (1500 – 3000 mPa.s).  
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Figure 8.9: Mass residue of thickened water as a function of apparent viscosity at 50 s-1. Estimated pressure 12 kPa, bolus 
volume 5 mL. 
 
 
Figure 8.10: Mass residue of thickened water as a function of initial roller estimated pressure. Apparent viscosity 460 mPa.s  
at 50 s-1, bolus volume 5 mL. 
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8.4 Conclusion 
The processing behaviour of thickened water in a physical model with a geometry similar to 
a human throat was observed. The effect of bolus viscosity, initial roller estimated pressure and 
bolus volume on the transit time and the mass residues in the pharyngeal space was evaluated.  
It was observed that higher viscosity significantly increased the transit time in the 
pharyngeal phase. This shows that increasing viscosity of the fluid is an effective way to slow down 
the flow of the bolus in the pharynx. Although increasing the bolus viscosity has the positive effect 
of slowing down the flow, it also increases the residue left in the pharyngeal phase, increasing the 
risk of post-swallow residue which can potentially lead to aspiration after the airway protection is 
released. Steele et al. (2015) stated that the important clinical challenge in terms of identifying 
suitable and safe consistencies for patients with dysphagia is to identify fluids that are thick enough 
to be swallowed safely, while avoiding the pitfall of post-swallow residue.  
On the other hand, higher initial roller estimated pressure decreased the transit time in the 
pharyngeal phase (i.e. reducing the time the airway needs to stay closed). Individuals with 
dysphagia are known to have lower tongue pressure than healthy individuals, thus increased the 
transit time in the pharyngeal phase. However, individuals with dysphagia still need to generate 
enough pressure to propel the bolus through the mouth in the oral phase and for ease of swallowing 
(how much effort is required to swallow the bolus) (Reimers-Neils et al., 1994). Additionally, in 
this simplified physical model, it was observed that mass residue was not significantly influenced 
by the roller estimated pressure which means the mass residue in the pharynx is not dependent on 
whether the bolus is swallowed by healthy individuals or individuals with dysphagia. However, in 
the real human pharynx, there might be other factors, such as saliva as lubrication that would make 
a difference in the results.  
The results from this experiment showed a small bolus volume increased the pharyngeal 
transit time. However, it is suspected that this result may not be accurate due to the limitation of the 
physical model. It was observed that, as the artificial throat wall was dry, a large proportion of the 
fluid stuck to the wall of the model for the small bolus volume, thus slowing down the flow of the 
bolus in the pharyngeal phase. Other authors have shown that the pharyngeal transit time remains 
roughly the same regardless of the bolus volume (Tracy et al., 1989, Dantas et al., 1990). This is 
consistent with our larger volume results, in which 10 mL was observed to have a similar 
pharyngeal transit time to the 5 mL bolus volume. Although the bolus volume does not influence 
the transit time in the pharynx, it is still believed to be an important parameter in swallowing. The 
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volume of the bolus plays an important role in the timings of the muscle movements in the oral and 
pharyngeal phases, as well as the duration and width of opening UES (Kahrilas, 1993, Logemann, 
2007). It was reported by Bisch et al. (1994) that individuals with dysphagia are recommended to 
take smaller volume of bolus when they are drinking as larger boluses are harder to coordinate and 
often times result in aspiration (Dantas et al., 1990).  
While the result from this experiment evaluated the processing behaviour of thickened fluids 
in the artificial model of the human throat and the effect of bolus viscosity, initial roller estimated 
pressure and bolus volume on the pharyngeal transit time and mass residue, it is believed that the 
quantitative results from this experiment are not the same as in the real human throat. It is realised 
that there are many limitations with the current version of the artificial throat as this is a static 
physical model of a human throat and the dry wall of the model does not reflect the real human 
throat. Modification of the device, such as lubrication of the wall, would help to resolve this issue. 
However, it is hypothesised that this physical model can be used to qualitatively observe the 
processing behaviour of thickened fluids in the real human throat. From this experiment, it was 
shown that bolus viscosity, tongue pressure and bolus volume are important swallowing parameters.  
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CHAPTER	9 	
 
9.1 Introduction 
In the previous chapters, the rheological behaviour of thickened fluids have been 
characterised in both shear and extensional deformation. Some reasons for variabilities in the 
thickness consistency when preparing thickened fluids have been determined. Additionally, in 
Chapter 7, a methodology by which an objective measurement guideline for the three levels of 
thickened fluids for the Australian National Standards was developed. However, the parameters 
needed for these guidelines would require the use of high technology equipment, such as a 
Rheometer for instance to accurately measure the shear viscosity of the fluid at 50 s-1. Such 
equipment is not affordable for the healthcare industry or food industry, such as hospitals or 
thickener manufacturers. Additionally, these devices require trained operators and for this reason, 
are only suitable for research purposes. Thickener manufacturers are therefore unable to benefit 
from the new objective measurements and so are more likely to continue rely on lower-technology 
devices. Also a need for people in care situations or at home to be able to determine if thickened 
fluids are suitable for consumption was identified.  
As mentioned is Chapter 2, several simple devices are currently available to measure the 
thickness of thickened fluids. Although these devices are used in dysphagia management, it was 
observed that these devices have many limitations (O'Leary et al., 2010, Nicosia and Robbins, 
2007). The Bostwick Consistometer is commonly used in the food industry to measure the thickness 
consistency and flow rate of fluids. Several thickener manufacturers use this device to grade the 
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thickness of their products. However, it is believed that parameters other than viscosity, such as 
yield stress and surface tension may influence the measurement. This is because the measurement 
involves a slow fluid flow under gravity at very low shear rate (< 0.3 s-1), that additionally is not 
uniform throughout the fluid. This will therefore reduce the reproducibility of the results from the 
device (O'Leary et al., 2010). Furthermore, it has been reported that correlations between viscosity 
and Bostwick consistency levels (i.e. fluid spread) are poor (Germain et al., 2006).  
Another device that is commonly used in the healthcare industry, such as hospitals is the 
Line Spread Test (LST). This device is less expensive than the Bostwick Consistometer, thus more 
affordable for the healthcare industry. However, it has been reported that the LST is not a reliable 
method to measure the consistency of thickened fluids due to many factors that influence the 
measurements (Kim, 2007), such as operational factors as mentioned in Chapter 2. Similar to the 
Bostwick Consistometer, this device involves a slow fluid flow under gravity at a very low shear 
rate with the shear rate not uniform throughout the fluid.  
In 2015, IDDSI proposed a new method to measure the thickness of thickened fluids using a 
10 mL slip-tip syringe; IDDSI flow test (tip – ISO 7886-1, barrel length 6.15 cm, 
BDTM - manufacturer code 301604) (International Dysphagia Diet Standardisation Initiative, 2015). 
A conventional 10 mL slip-tip syringe (Terumo) with 1.6 cm diameter of the barrel and 5.1 cm 
length of the barrel to the 10 mL mark (See Figure 9.1) was selected for this experiment as it can 
easily be obtained in most of countries around the world with consistent tip dimensions for 
reproducibility as it is made to ISO standards (ISO 7886-1). It should be noted that the geometry of 
the syringe used in this thesis is different to that specified by IDDSI. This is because the 
experiments were carried out before the full IDDSI syringe specification was released. Differences 
in syringe geometry will affect how fast the sample flow out of the syringe during the measurement 
and thus the ability to use the IDDSI scale provided to categorise fluids. However, as the aim of the 
chapter was to assess which rheological parameters in technique respond to, the IDDSI scale was 
not used and thus the difference of the syringe dimension will not affect the outcome of the 
experiment. This new method has only been developed recently and therefore further analysis is 
required to determine its capabilities and limitations.  
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Figure 9.1: 10 mL syringe specifications used for the experiment 
In this chapter, parameter sensitivity and limitations of currently available measuring 
devices, the Bostwick Consistometer, the Line Spread Test and the IDDSI flow test were evaluated. 
The effects of viscosity, yield stress and surface tension on the measurements using each test were 
observed. Furthermore, the fluid spread ranges for the Bostwick Consistometer and LST, and 
leftover volume range for the IDDSI flow test for each thickness level were correlated with the 
viscosity ranges developed from Chapter 7 for RTC thickened water as an example of how 
rheological standards might translate into measurements using a low-technology device.   
9.2 Materials & Methods 
The commercial thickener products selected for analysis were Resource ThickenUp® Clear 
(Nestlé) and Nutilis Powder (Nutricia). The samples were thickened with two different thickener 
products to achieve samples that had similar apparent shear viscosity, but different yield stress. It 
was found from Chapter 3 (Figure 3.8), for a given apparent shear viscosity, the yield stress of 
thickened water with Nutilis was lower than thickened water with RTC. The fluid used in this study 
was Brisbane tap water (~120 mg/L). To explore the effect of surface tension, the surface tension of 
the samples were decreased by adding Dettol® liquid soap in the samples.  
9.2.1 Sample Preparation 
The samples were prepared as described in Chapter 3.2.1. Ten samples of water thickened 
with RTC, three samples of water thickened with Nutilis powder and two samples of water 
thickened with RTC and liquid soap were prepared. The RTC samples were prepared so the 
apparent viscosity of the fluid covers the low, middle and high range of the viscosity ranges defined 
in Chapter 7. The Nutilis samples were thickened to a similar apparent viscosity as mid-range RTC 
samples (i.e. 158 mPa.s for Level 150, 390 mPa.s for Level 400 and 795 mPa.s for Level 900). 
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Similarly, the RTC + Dettol samples were thickened to a similar apparent viscosity as mid-range 
RTC samples. It was noted that the viscosity of RTC samples and Nutilis samples were not identical 
(particularly at Level 400). In order to analyse the yield stress sensitivity, the fluid spread of Nutilis 
samples were adjusted to similar viscosity of the RTC samples by interpolation using the results 
obtained from viscosity sensitivity analysis (Figure 9.4 & Figure 9.5).    
It was shown from Chapter 6 that the surface tension of thickened water at 8.50% RTC 
(within Level 900) was already 39 mN/m, which is similar to the surface tension of the soap 
samples (~26.5 mN/m). Therefore, the soap samples were only prepared for mid-range Level 150 
(1.54%) and Level 400 (4.00%) consistency. Table 9.1 – 9.3 summarise the rheological parameters 
of the samples used in this experiment.  
Table 9.1: The rheological parameters of thickened water with RTC 
Thickener Added 
(wt. %) 
Apparent Viscosity at 50 s-1 
(mPa.s) 
Apparent Yield Stress 
(Pa) 
Surface Tension 
(mN/m) 
1.00  99     1.30 75.6 
1.54 158     2.81 70.7 
2.10 190     3.99 69.4 
2.70 290     6.92 67.6 
4.00 390     8.23 65.8 
5.40 530  11.5 55.6 
6.50 670  14.6 46.9 
7.60 795  18.3 44.0 
8.20 880  19.8 39.2 
9.80 1050  21.5 27.9 
Table 9.2: The rheological parameters of thickened water with Nutilis Powder 
Thickener Added (wt. %) Apparent Viscosity at 50 s-1  
(mPa.s) 
Apparent Yield Stress  
(Pa) 
7.00 135 1.81 
10.38 445 5.53 
13.40 795 9.46 
Table 9. 3: The rheological parameters of thickened water with RTC and Dettol liquid soap 
Thickener Added 
(wt. %) 
Soap (g) Apparent Viscosity at 50 s-1 
(mPa.s) 
Surface Tension 
(mN/m) 
1.54 1.00 149 26.5 
4.00 1.00 412 26.5 
9.2.2 Experimental 
The apparent viscosity and the yield stress of the samples was measured on the Thermo 
Scientific Rheoscope 1 as described in Section 3.4.2 and the surface tension of the samples was 
measured on the Kruss BP2 Bubble Pressure Tensiometer as described in Section 6.2.4. Three 
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devices were evaluated in this study: Bostwick Consistometer, LST and IDDSI flow test. All of the 
samples were tested in each device. All measurements were performed at room temperature, 25°C.  
9.2.2.1 Bostwick Consistometer 
The operating instructions from the manufacturer’s user guide were followed. Prior to each 
test, the device was placed on a flat surface and the levelling screws were adjusted for to ensure the 
device was level. 100 mL samples were filled in the reservoir behind the closed gate and the top 
was levelled off with a spatula. The experimental run was started by pressing the lock release level 
to open the gate and letting the fluid flow under its own weight (see figure 9.2). The maximum 
reading at the centre and the minimum reading at the edge of the trough after 30 seconds of 
spreading were noted and averaged. The device is designed with 0.5 cm graduation along the 
trough, thus it is not difficult to obtain measurements to the nearest 0.1 cm. Each experiment was 
repeated five times and the results averaged.  
 
    
Figure 9.2: Bostwick Consistometer before measurement (Left) and after fluid spread (Right). 4.00% RTC thickened water.  
9.2.2.2 Line Spread Test (LST) 
The operating instructions from (Mann and Wong, 1996) were followed. Similar to the 
Bostwick Consistometer, the device was placed on a level surface. 50 mL samples were poured into 
the middle of a cylindrical tube (5 cm diameter).  The experimental run was started by lifting the 
tube upwards and how far the fluid spreads out was observed (see figure 9.3). The measurement 
along the four lines that separate the quadrants after 60 seconds of spreading were recorded in the 
nearest 0.1 cm and the mean of the four readings were taken as one measure. It is noted that 
estimating the readings to the nearest 0.1 cm was quite difficult as the device is designed with 1 cm 
graduations. The experiment was repeated five times and the mean results were recorded. 
Preliminary experiments were conducted where the Plexiglass surface of the LST was washed with 
soap and without soap and dried with paper towel to observe if the measurement was influenced by 
the way of cleaning the Plexiglass surface. It was found that the fluid measurement was not 
Lever to open the gate 
Reservoir 
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significantly different, thus no particular cleaning procedure is necessary to clean the Plexiglass 
surface of the LST.   
    
Figure 9.3: Line Spread Test (LST) before measurement (Left) and after measurement (Right). 4.00% RTC thickened water. 
9.2.2.3 IDDSI Flow Test 
A 10 mL slip-tip syringe was used in this experiment (See Figure 9.1 for the syringe 
specification). The syringe was clamped in a vertical position. Prior to the test, the outlet of the 
syringe was sealed by covering the nozzle of the syringe with the finger and the samples were filled 
up to 10 mL line (International Dysphagia Diet Standardisation Initiative, 2015). The experiment 
run was started by removing the finger from the nozzle and allowing the sample to flow out of the 
syringe for 10 seconds. The outlet of the syringe was then sealed again with the finger and the 
remaining volume of the sample in the syringe was recorded. Each experiment was repeated five 
times and the results averaged.  
9.2.3 Statistical Analysis 
For comparison of the viscosity sensitivity, yield stress sensitivity and surface tension 
sensitivity of the devices analysis of variance (ANOVA) was carried out to determine any 
statistically significant differences (p < 0.05). Additionally, main effect plots for the Bostwick 
Consistometer, LST and IDDSI flow test for viscosity, yield stress and surface tension sensitivity 
were generated to examine differences in these parameters as a function of the measurement device. 
The statistical analysis was performed using Minitab 17 Statistical Software. 
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9.3 Results and Discussion 
9.3.1 Viscosity Sensitivity 
Figures 9.4 and Figure 9.5 shows respectively the fluid spread for the Bostwick 
Consistometer and the LST over a range of apparent viscosities for xanthan gum based thickened 
samples. It was observed that as the apparent viscosity of the fluid is increased, the fluid spread of 
both Bostwick Consistometer and LST is significantly decreased (p < 0.01).  
It can be noted that Bostwick Consistometer was more sensitive to a change in viscosity 
than the LST since the magnitude and variations in the fluid spread for Bostwick Consistometer is 
greater than for the LST. This is because the fluid flow for the Bostwick Consistometer is 
uni-directional, whereas the direction of the fluid flow for the LST is axial symmetric. Additionally, 
it was observed that Bostwick Consistometer was more reproducible than LST. This is because the 
Bostwick Consistometer is designed with 0.5 cm graduations along the trough, thus it was not 
difficult to read the measurements, whilst the LST is designed with 1 cm graduation, thus 
estimating the readings at four quadrants to nearest 0.1 cm was quite difficult. In addition, the fluid 
spread of the LST often was not even in all directions for high viscosity fluids (See Figure 9.3), 
thus, as only the spread in four directions were considered, this will introduce more error. For that 
reason, it can be concluded that the Bostwick Consistometer is a more reliable device than LST, 
however the cost is also much higher (Bostwick Consistometer ~ AU$900, LST ~ AU$100).  
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Figure 9.4: Viscosity sensitivity for Bostwick Consistometer with a power trend line (r2 = 0.969).  
Note: Error bars are smaller than the symbols 
 
 
Figure 9.5: Viscosity sensitivity for Line Spread Test follow Power trend line (r2 = 0.995). 
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Figure 9.6 shows the remaining volume for IDDSI flow test for a range of apparent 
viscosities for the xanthan gum thickened samples. It can be seen that the remaining volume 
increased as the viscosity of the fluid was increased. However, it was observed that the fluid did not 
flow for fluids that had a viscosity of 290 mPa.s or higher at 50 s-1. It was hypothesised that this was 
because the shear stress generated due to gravity is lower than the yield stress of the fluid, thus the 
fluid did not flow (the effect of yield stress is further discussed in the following section). This 
shows that IDDSI flow test is only suitable to measure the thickness of Australia thickness Level 
150 (95 – 200 mPa.s at 50 s-1) or lower level fluid thicknesses. It should be noted that International 
Dysphagia Diet Standardisation Initiative (2015) developed their own remaining volume range for 
the IDDSI flow test equating with Australian Level 150 (4 – 8 mL remaining) and Level 400 
(> 8 mL with some liquid flow) thicknesses and also for fluids that are thinner than the Australian 
Level 150 (e.g. thickened infant formula, such as Anti-Regurgitation formula ~80 mPa.s) 
(September et al., 2014). It can be seen that the remaining volume range developed in this 
experiment is slightly different than the range developed by International Dysphagia Diet 
Standardisation Initiative (2015). This is because the range that is developed from this experiment 
was based on the clinician’s survey from Chapter 7 (i.e. 95 mPa.s to 200 mPa.s for Level 150 
thickened water), while the range that was developed by International Dysphagia Diet 
Standardisation Initiative (2015) was based on the thickener manufacturers’ instructions (Cichero, 
2015). This result is therefore in agreement with our observation in Chapter 3 (Table 3.4), that the 
apparent viscosity of thickened water according to manufacturer’s recommendations is generally 
thinner than the clinicians’ expectation. The difference of the volume range developed in this 
experiment and the range developed by the International Dysphagia Diet Standardisation Initiative 
(2015) may also be attributable to the use of a different syringe dimensions. The International 
Dysphagia Diet Standardisation Initiative (2015) have recently specified syringe dimensions which 
are different to the one that was used in this experiment.  
From these results, a fluid spread range for xanthan gum based thickener for the Bostwick 
Consistometer and LST, and remaining volume range for the IDDSI flow test for each thickness 
level defined from Chapter 7 was generated. To generate the lower boundary for Level 150, the 
mean result obtained from this experiment for Level 150 low boundary fluids (i.e. 99 mPa.s) was 
used. Similarly, to generate the upper boundary for Level 150, the mean result for Level 150 high 
boundary fluids (i.e. 190 mPa.s) was used. A similar method was used to determine the fluid range 
of Bostwick and LST for Level 400 and Level 900. Table 9.4 summarises these ranges for each 
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thickness level defined from Chapter 7. These ranges have distinct ‘band gaps’ between thickness 
levels to differentiate Level 150 to Level 400 and Level 400 to Level 900.  
 
Figure 9.6: Viscosity sensitivity for IDDSI Flow Test 
Table 9.4: Fluid spread or remaining volume ranges for each level thickness for Bostwick Cosnsitometer, LST and IDDSI 
flow test 
Device/Technique  Level 150 
Mildly Thick 
Level 400 
Moderately Thick 
Level 900 
Extremely Thick 
Bostwick (cm)a 24 – 13 10 – 6 5 – 2 
LST (cm)a 3.7 – 2.6 2.2 – 1.6 1.4 – 0.6 
IDDSI Flow Test (mL)b 6 – 9 - - 
Note: aFluid spread range; bleftover volume range 
9.3.2 Yield Stress Sensitivity 
The samples that were thickened with Nutilis had a lower yield stress than samples 
thickened with RTC at similar apparent viscosities. The surface tension of 7 g of Nutilis thickened 
water was previously measured to be 72.8 mN/m which is similar to surface tension of RTC 
thickened water. The results were adjusted using data from Figures 9.4 and 9.5 to eliminate the 
effect of viscosity between fluids of the same thickness level. The resulting fluid spread for the 
Bostwick Consistometer and LST measurements and remaining volume for the IDDSI flow test at 
different yield stresses were compared (see Table 9.5 for the corrected results and Appendix A.6 for 
the raw data). It was observed that IDDSI flow test measurements were not affected by the yield 
stress of the fluid (p > 0.30).  
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Table 9.5: Corrected fluid spread or remaining volume at different yield stress for Bostwick Consistometer, LST and IDDSI 
flow test 
 Level 150 Level 400 Level 900 
 Low YS High YS Low YS High YS Low YS High YS 
Bostwick (cm)a 18.0 ± 0.6 16.5 ± 0.2 10.7 ± 0.5 8.5 ± 0.3 5.7 ± 0.3 4.4 ± 0.1 
LST (cm)a   3.0 ± 0.1   2.9 ± 0.1   2.1 ± 0.1 1.9 ± 0.1 1.4 ± 0.1 1.2 ± 0.1 
IDDSI flow test (mL)b   8.1 ± 0.1   8.1 ± 0.1 - - - - 
Note: ± values are 95% confidence interval. YS = yield stress, Low YS = Nutilis samples, High YS = RTC samples; 
aFluid spread; bleftover volume. 
It was observed that both viscosity (i.e. level) and yield stress affected the measurement by 
the Bostwick Consistometer (p < 0.01). Figure 9.7 shows the main effects plot from an analysis of 
the Bostwick Consistometer results where it can be seen that the viscosity had a bigger effect than 
the yield stress: a realistic variation in yield stress has less effect on the Bostwick Consistometer 
measurement than a change in viscosity thickness level.  
It can be seen that the fluid spreads further when the yield stress of the fluid was lowered. It 
was mentioned in Chapter 4 that thickened fluids are fitted to the Herschel-Bulkley model 
(Equation 2.8). This equation can be rearranged to following equation: 
ߛሶ ൌ ቀ߬ െ ߬௬ܭ ቁ
ଵ
௡ (9.1) 
It can be seen from Equation (9.1), that shear rate is a function of the stress difference 
between the shear stress and the yield stress of the fluid. Therefore, the stress difference, and hence 
the shear rate, is greater for lower yield stress fluids. A higher shear rate of fluid corresponds to a 
faster flow rate. Additionally, as the fluid spreads, the shear stress of the fluid will reduce as the 
height of the fluid decreases. Due to this, the stress difference, the shear rate and hence the flow rate 
will reduce as the fluid spreads further.  
It was observed that yield stress also affected measurements using the LST (p < 0.01). It was 
found that there was more fluid spread when the yield stress of the fluid was lowered. For reasons 
similar to variations seen with the Bostwick Consistometer, it was proposed that this is due to the 
flow in both devices being only due to gravity. Similar to Bostwick Consistometer, the fluid spread 
results in the LST for ‘low yield stress’ fluids were corrected to similar shear viscosity of ‘high 
yield stress’ fluids. Main effects plot for the Line Spread Test results for thickness level and yield 
stress were generated (Figure 9.8). 
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Figure 9.7: Main effects plot of Bostwick Consistometer for thickness level and yield stress 
 
Figure 9.8: Main effects plot of Line Spread Test for thickness level and yield stress 
Devices and Modelling 
 
179 | P a g e  
 
9.3.3 Surface Tension Sensitivity 
Table 9.6 summarises the fluid spread for the Bostwick Consistometer and LST and leftover 
volume for IDDSI flow test at different surface tensions of the fluid for each thickness level (See 
Appendix A.6 for the raw data). The observed data was corrected to eliminate the effect of 
variations in viscosity between fluids of the same thickness level in the manner described in the 
previous section. It was observed that the IDDSI flow test measurement was not affected by the 
surface tension of the fluid (p > 0.60). This was expected as the contact surface area for the IDDSI 
flow test is fairly small. Similarly, the measurement of the Bostwick Consistometer was not 
statistically affected by the surface tension of the fluid (ANOVA p > 0.15).  
Table 9.6: Corrected fluid spread or remaining volume at different surface tension for Bostwick Consistometer, LST and 
IDDSI flow test 
 Level 150 Level 400 
 Low ST High ST Low ST High ST 
Bostwick (cm)a 17.0 ± 0.3 16.5 ± 0.2 8.5 ± 0.2 8.5 ± 0.3 
LST (cm)a   3.3 ± 0.1   2.9 ± 0.1 2.3 ± 0.1 1.9 ± 0.1 
IDDSI flow test (mL)b   8.1 ± 0.1   8.0 ± 0.2 - - 
Note: ± values are 95% confidence interval. ST = surface tension; aFluid spread; bleftover volume 
On the other hand, it can be seen that surface tension affected the measurements of the LST 
(p < 0.01). This was because the fluid spreads on the surface at a very low shear rate (estimated to 
be ≤ 0.3 s-1) during the measurement. As the fluid flows, the surface area of the liquid increases. 
Consequently, a fluid with high surface tension will slow down the flow. Although both Bostwick 
Consistometer and LST relies on slow fluid spread under gravity, which has a low shear rate on the 
surface, it was observed that the LST is more sensitive to surface tension than Bostwick 
Consistometer. This is because the surface area of LST is larger than the surface area of Bostwick 
Consistometer. From Table 9.6, the fluid spread for fluids with low surface tension were still within 
the fluid spread range for the LST from Table 9.4. However, the spread for Level 400 at low surface 
tension was on the edge of the ranges. It should be noted, most of the drinks that are consumed have 
a surface tension similar to water (72 mN/m), but some drinks, such as milk have a lower surface 
tension (60 mN/m) than water (Tomczynska-Mleko et al., 2014). The range employed in this 
surface tension experiment is much larger than this and so is expected that surface tension 
variations will not affect the measurements to a clinically significant extent. Main effects plot for 
the Line Spread Test results for thickness level and surface tension were generated (Figure 9.9).  
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Figure 9.9: Main effects plot of Line Spread Test for thickness level and surface tension 
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9.4 Implication for Testing Methods 
The current Australian standards use description and observation of fluid flow through a 
fork to differentiate fluid thickness levels from one another.  
It is hypothesised that it is not only viscosity that people were using to differentiate the 
fluids in the measurement of the ‘fork test’, but yield stress and surface tension as well. Viscosity 
determines ‘how thick’ the fluid is. Viscosity will affect the transit time for the bolus to flow in the 
pharynx. Visually, using the fork test it equates to the time taken for the fluid to fall off the prongs 
due to gravity. On the other hand, in terms of swallowing, yield stress of the fluid affects the ease of 
propelling the bolus to initiate flow into the pharynx. Although the effect of yield stress on the 
measurement of the ‘fork test’ has not been tested, visually that in using the fork test, yield stress 
equates to the ability of the fluid to flow off the prongs due to gravity or how much coating is left 
on the prongs. It was shown in Chapter 7 that while surface tension did not clinically influence the 
‘fork test’ assessment, it did have a measureable effect on the decision of fluid thickness category. 
Likewise, the result from this chapter shows that viscosity, yield stress and surface tension have a 
measurable effect on the Bostwick Consistometer and Line Spread Test.  
It is hypothesised that both viscosity and yield stress are important considerations in the 
design of thickened liquids used for dysphagia management. Since the viscosity-yield stress 
relationship for different fluid/thickener combinations differ (as discussed in Chapter 3), the fluid 
thickness guidelines developed in Chapter 7 which only include viscosity range information for 
xanthan gum based thickened water, and as such do not provide sufficient information to obtain 
complete guidelines. 
A possible methodology to determine the interplay between viscosity and yield stress for 
conformance of the thickened fluids is as follows. Figure 9.10 shows the viscosity-yield stress 
relationships for RTC, Nutilis, Instant Thick and Precise Thick-N from Chapter 3. It was observed 
that the yield stress of the fluid has a linear relationship with the viscosity of the fluid at 50 s-1, thus 
have a general equation of: 
߬௬ ൌ ܣߟହ଴ ൅ ܿ (9.2) 
where A is the slope of the viscosity-yield stress relationship of the thickener, which is dependent 
on the type of thickener, and c is a linear constant, which is also dependent on the type of thickener. 
Superimposed on this are the viscosity ranges for RTC-water calculates in Chapter 7. These 
viscosity ranges also imply yield stress ranges, given the linear relationship between viscosity and 
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yield stress. If these viscosity and yield stress ranges, as obtained from the RTC-water data, are 
considered definitive and both necessary to be satisfied for compliance, then the ranges become 
rectangles on this plot. This is clearly unsatisfactory since, for instance, fluids thickened with 
Nutilis will never satisfy the Level 900 conditions. At a similar apparent viscosity, the yield stress 
of the Nutilis thickened fluids will be lower than the estimated yield stress of RTC thickened fluids. 
Similarly, fluids thickened with Precise Thick-N will never satisfy Level 900 since the yield stress 
of the fluid will be higher than the estimated yield stress of RTC thickened fluids. This is because 
the slope of the viscosity-yield stress relationship, A for different types of thickener is different.  
 
Figure 9.10: Viscosity-yield stress graph with the viscosity range information for RTC, Precise Thick-N, Nutilis and Instant 
Thick. 
It is clear therefore that future study is required to develop a metric that considers both 
viscosity and yield stress of the fluid that can be used to determine and compare the fluid thickness 
regardless of thickening agent. A Fluid Thickness Index (FTI) is therefore proposed which 
combines viscosity and yield stress (and potentially other factors) to give a single relevant metric 
for the fluid’s effect in treating dysphagia. This follows the methodology of the Body Mass Index 
(BMI) where a calculation considers the body mass and the body height to calculate the BMI of a 
person which is relevant for obesity. Finding the equation to calculate the FTI will allow fluids 
thickened with different types of thickener other than xanthan gum based thickener to be compared 
and judged against their fitness for the Australian Standards.  
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The nature of this equation will be dependent on the relative importance of the different 
rheological parameters to the treatment of dysphagia. Taking Level 900 consistency as an example, 
if only viscosity of the fluid should be considered in the FTI, the guidelines range will be vertical 
(green dashed line in Figure 9.11). Conversely, if only yield stress of the fluid should be considered 
in the FTI, the guidelines range will be horizontal (black dashed line in Figure 9.11). On the other 
hand, if both viscosity and yield stress of the fluid should be considered in the FTI, the guidelines 
range could be similar to the red dashed line or blue dashed line in Figure 9.11 (note that the red 
dashed line and blue dashed line could be drawn at any angle). To proceed, another blinded survey 
using different types of thickeners (Nutilis and Precise Thick-N) should be conducted, so that 
viscosity and yield stress range information for different types of thickeners can be developed, and 
hence the form of the FTI determined.  
 
Figure 9.11: Viscosity-yield stress graph with Level 900 viscosity range information for RTC, Precise Thick-N, Nutilis and 
Instant Thick. Black dashed line is applied if only σy matters, green dashed line is applied if only η matters, red dashed line is 
applied if thickened fluids with lower σy may be easier to swallow (i.e. both σy & η matters), blue dashed line is applied if 
thickened fluids with higher σy may be easier to swallow (i.e. both also σy & η matters)  
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9.5 Conclusion 
 It is hypothesised that a Fluid Thickness Index (FTI) as a concept model which combines 
viscosity and yield stress of the fluid (and potentially other factors) to give a single relevant metric 
of thickened fluids is needed to compare the thickness of liquids that are thickened with different 
types of thickener products. The most straightforward way to proceed would be to measure the 
viscosity and the yield stress of the fluid independently to calculate the FTI. Clearly, a rheometer is 
able to accurately do this, however such equipment is not affordable for the healthcare industry or 
food industry, such as hospitals or thickener manufacturers. 
It was clearly seen that measurements with the Bostwick Consistometer and the LST were 
sensitive to different combinations of the viscosity, yield stress and surface tension of the fluid, thus 
these devices are not able to measure the viscosity and yield stress of the fluid independently. 
Measurements with both the Bostwick Consistometer and the LST were significantly affected by 
the yield stress because both the Bostwick Consistometer and the LST rely on fluid flow under 
gravity, thus the stress generated due to gravity is small and the difference between shear stress and 
yield stress of the fluid is greater for lower yield stress fluids. On the other hand, the IDDSI syringe 
test also relies on fluid flow under gravity, however there are differences in the height of liquid and 
the direction of the flow, hence there is more stress due to gravity and more free surface area. 
Furthermore, as there is a great increase in surface area, surface tension plays a major role in the 
measurement in the LST. This suggests that measurements from these devices could be different for 
fluids with similar shear viscosity using different types of thickener or dispersing media where the 
yield stress or surface tension of the fluid could be different. The fluid spread ranges for Bostwick 
Consistometer and LST developed from this study are only suitable for water thickened with a 
xanthan gum based thickener. Different scales would be needed for different types of thickener (e.g. 
starch based, or combinations of starch and gum based thickener).  
On the other hand, measurements using the IDDSI flow test were not affected by either yield 
stress or surface tension of the fluid. This suggests that this technique can be reliably used to 
measure the viscosity of both gum and starch based thickened liquids, where the viscosity is similar 
but the yield stress is different. Similarly, this technique can be reliably used to measure the 
viscosity of thickened fluids using different dispersing media where surface tension of the fluid 
could be different. However, the fluid did not flow for thickened water that had a viscosity of 
290 mPa.s or higher at 50 s-1 due to the yield stress exceeding the imposed shear stress. Therefore, 
the IDDSI flow test can only be used to measure fluids that have a thickness consistency of our 
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clinician generated Australian Level 150 or lower. This study confirms the variation of thickness 
consistency of thickened fluids between the manufacturer’s recommendation and the clinicians’ 
expectations. It was observed that the thickness consistency according to manufacturer’s 
recommendation is generally thinner than the clinician’s expectation.  
The survey clinicians in Chapter 7 showed that shear viscosity was the major factor 
determining their judgement of therapeutic level. It was also shown in Chapter 8 that the shear 
viscosity of the fluid is the major factor to slow down the pharyngeal transit time and increase the 
maximum extensional viscosity of the fluid as shown in Chapter 6. Therefore, a simple measuring 
device that is only sensitive to shear viscosity is needed to measure the fluid. However, the yield 
stress and possibly the surface tension of the fluid are also potentially needed to calculate the FTI of 
the fluid (and hence its compliance to standards). As shown in Chapter 7, surface tension of the 
fluid does not appear to be clinically significant and therefore it is suspected that it will only play a 
minor role in the calculation of the FTI. The yield stress of the fluid could be obtained by using 
another device or alternatively by using the viscosity-yield stress correlations that were obtained 
previously (see Chapter 3, Figure 3.8) which would give a parameter for each fluid/thickener 
system that could be used to calibrate the simple viscosity device and hence enable it to indicate 
compliance with Australian National Standards or IDDSI standards.  
It is hypothesised that a suitable measuring device should not rely on the fluid flow under 
gravity, as this has been shown to give poor results, especially for the thicker levels, but instead 
have a pressure driving force. This will lead to high shear stresses being generated and thus enable 
the yield stress of the fluid to be assumed negligible. Furthermore, limiting the contact surface area 
of the device, similar to IDDSI flow test, will reduce the effect of surface tension on the 
measurement of the device. Consequently, the device will only be sensitive to shear viscosity, thus 
able to measure the viscosity of the fluid accurately. However, to turn this viscosity into a FTI 
calibration factors, dependent on the fluid/thickener system, would be required as discussed above. 
A promising approach to this would be to alter the pressure drive for each thickener system so that 
compliance could be determined directly by the range of results given by the device, rather than 
having a single pressure and having to convert the device reading (i.e. viscosity) to a compliance via 
a variable calibration factor.  
In conclusion, it was shown that there are a lot of limitations with the current available low 
technology measuring devices that are used to measure the thickness of thickened fluids. These 
techniques are sensitive to different rheological parameters and differ in their sensitivity or 
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accuracy. The results from these devices are also dependent on the thickener/fluid system being 
measured. It is clear that some techniques/devices are better than others. For example, it was shown 
that IDDSI flow test is the best method to measure Australia Level 150 or lower level thickened 
fluids because this technique is insensitive to surface tension and yield stress of the fluid. The 
Bostwick Consistometer is clearly a better device than the LST to measure the thickness of 
thickened fluids because it is more sensitive and more reproducible than the LST. However, none of 
these devices are an ideal measuring device that is reliable, reproducible and affordable that can 
measure all of the thickness levels of thickened fluids and can be used by everyone (clinicians or 
lay people).  
From all the results obtained from this thesis, key design principles required to develop a 
suitable low technology measuring device for the application of dysphagia management can be 
constructed. The ideal device needs to be: 
a) Only sensitive to shear viscosity, assuming that the effect of other rheological parameters 
can be subsumed into a thickener and/or fluid dependent FTI scaling factor 
b) Able to discriminate the shear viscosity quantitatively 
c) The necessary pre-determined calibration factors can be obtained such that the device is 
suitable for all types of thickener/fluid systems  
d) Able to discriminate across the full range of thickness levels that are used clinically for the 
management of dysphagia in Australia 
e) Able to determine whether the fluid is within the relevant ranges for different thickness 
levels  
f) Affordable  
It is believed that these key design principles should be followed to develop a suitable 
measuring device for the end-users to accurately determine compliance with the standards of 
thickened fluids for the application of dysphagia management.  
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CHAPTER	10 	
 
 
10.1 Thesis Outcomes 
This work set out to address a number of issues related to the measurement of thickened 
fluids as part of dysphagia management. Three research questions  
1. How do the rheological parameter(s) of thickened fluids prepared using different 
commercial thickeners and different type of fluids behave under different conditions? 
2. What are the important rheological parameters that characterise thickened fluids for the 
application of dysphagia management? 
3. What is the best method to measure these important metrics and hence how can one 
determine if a thickened fluid is suitable for a particular application? 
To answer research question 1, this work investigated the rheological behaviour of 
thickened fluids, considering a wide range of thickeners, fluid types and serving conditions. The 
results shown in Chapter 3 demonstrated that there was a large degree of variability in both 
rheological parameters (shear viscosity and yield stress) and the time taken for these to reach 
equilibrium between different thickeners and dispersing media when the manufacturer’s guidelines 
were followed. Of the thickeners tested, those based on xanthan gum showed the most consistent 
results, and Chapter 4 showed these were unaffected by different temperature and pH conditions. 
However, it is to be noted that starch based thickeners are still needed for paediatrics because 
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premature infant gut are not sufficiently developed to be able to process gum based thickeners. The 
results from Chapter 5 showed that the presence of long chain molecules in the fluid, such as 
protein in milk, increased the viscosity of the thickened fluid. Whilst the presence of calcium in the 
fluid was shown to slow down the thickening rate of the fluids due to an ionic interaction between 
the calcium ion and the thickener. Overall then it was shown that in many cases the manufacturer’s 
recommendations for a single recipe for each thickness level, regardless of dispersing medium is 
inadequate, in particular milk based fluids require less thickener.  
The major outcomes from this project have centred round answering research questions 2 
and 3. The important rheological parameters of thickened fluids for the application of dysphagia 
management have been widened beyond the commonly held view that only shear viscosity is the 
important parameter and  a design guideline for a reliable, inexpensive measuring device to 
accurately measure the important rheological parameters of thickened fluids for the application of 
dysphagia management was proposed. These are discussed in more detail below: 
1) Shear viscosity is confirmed to be an important fluid parameter of thickened fluids, 
however other parameters, such as extensional viscosity, yield stress and surface 
tension, also influence their application to dysphagia management. 
As mentioned in the literature review (Chapter 2), thickened fluids are commonly used as a 
treatment for people who have dysphagia because it slows down the flow of the bolus in the 
pharynx, thus leading to longer transit time and increase the cohesiveness of the bolus to reduce the 
risk of fracture if it is not swallowed efficiently. The survey of clinicians (Chapter 7) showed that 
shear viscosity was the major factor determining their judgement of therapeutic level. It was also 
demonstrated in the model Artificial Throat (Chapter 8) that flow of the bolus is slowed down, thus 
increasing the pharyngeal transit time as the shear viscosity of the fluid is increased. However, the 
research literature demonstrates that higher shear viscosity also increases the residue left in the 
pharynx, which can potentially lead to aspiration after airway protection is released. Therefore, it is 
important for patients to consume thickened fluids that are thick enough to address their swallowing 
problem, but not so thick as to cause the dangers of post-swallow residue.  
It was reported by Salinas-Vázquez et al. (2014), that the extensional viscosity of the fluid 
also affects the bolus flowrate when swallowing due to both the change in direction of flow and 
elongation of the bolus, associated with passage through the oral cavity, pharyngeal space and 
Upper Esophageal Sphincter (UES), which will lead to extensional deformation of the bolus. It is 
believed that a high maximum extensional viscosity also reduces the risk of breakage of the bolus, 
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an important variable to consider due to elongation of the bolus while swallowing. Elongation of the 
bolus impacts the cohesiveness of the fluid. Cohesiveness of the fluid is difficult to measure and so 
it is hypothesised that, the maximum extensional viscosity could be used as a proxy to estimate this. 
Chapter 6 showed that by increasing the concentration of thickener, it will not just increase shear 
viscosity of the fluids, but also the bolus’ extensional viscosity. These features are suggested to 
enhance safe swallowing. However, any other intrinsic relevance of extensional viscosity to human 
swallowing is still unknown, therefore further study is recommended to determine the influence of 
extensional viscosity on swallowing physiology.   
The results from the filament break-up experiments (Chapter 6) showed that surface tension 
affects the maximum extensional viscosity, and therefore cohesiveness. For a given thickener 
concentration, a higher surface tension results in higher maximum extensional viscosity, thus a 
more cohesive bolus, which will be less likely to fracture during swallowing. It was shown that the 
maximum extensional viscosity of thickened skim milk was lower than thickened water at same 
thickener concentration because thickened skim milk has a lower surface tension than thickened 
water. On the other hand, the survey of clinicians in Chapter 7 showed that surface tension 
influences the judgement of clinician’s regarding the thickness of the fluid, but not to a point where 
the difference is clinically significant. This shows that surface tension was less important than shear 
viscosity in determining their judgement of therapeutic level.  
The yield stress of the fluid may affect the amount of tongue pressure that needs to be 
generated to initiate bolus movement for swallowing and hence ease of swallowing (how much 
effort is required to initiate the swallow of the bolus). This factor is particularly important for 
people with reduced tongue and pharyngeal strength. As described in literature reported in Chapter 
2, thickened fluids that have a higher yield stress require more effort for the patients to swallow the 
bolus. Additionally, saliva plays a critical role in facilitating movement of the bolus through the oral 
cavity and pharynx and individuals with dysphagia are typically dehydrated and present with dry 
mouth (Xerostomia) (Stokes et al., 2013). Therefore, the tongue must also propel the bolus over dry 
boundary conditions with additional resistance to flow. Future in vivo studies of individuals with 
dysphagia, taking note of both mouth wetness and tongue strength while swallowing a range of 
liquid thickness levels, different types of thickener and their textural characteristics, are required to 
determine the influence of yield stress on ease of swallowing.  
In addition to highlighting the importance of new variables such as extensional viscosity, 
surface tension and cohesion, the current study highlighted considerations of the biochemical 
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composition and behaviour of fluids as they interact with thickening agents. The standing time of 
the fluids until they reached equilibrium rheological properties were observed in this study. It was 
observed that the standing time of the fluids were highly dependent on the dispersing media with 
thickened milk taking substantially longer than thickened water to reach an equilibrium and be 
suitable for consumption. It was found that the standing time of the fluids thickened with RTC 
(xanthan gum based) was affected by calcium in the fluids. The presence of calcium in the fluid was 
shown to slow down the thickening rate of the fluids thickened with xanthan gum due to an ionic 
interaction between the calcium ion and the thickener. A similar mechanism could also be suspected 
for the increased standing time required for thickened wine (Chapter 3) which could be due to a 
high potassium content. Further studies are required to formally investigate such an interaction. 
This also has implications for nutritional supplements which are commonly given to dysphagic 
patients. These supplements have added vitamins and minerals, and these likewise may need longer 
standing time for thickening if using xanthan gum based thickener.  
From the current study, it is clear that a single parameter, such as shear viscosity, is 
insufficient to determine the therapeutic properties of thickened fluids. Several different parameters 
affect the behaviour of the fluids in different ways and therefore a Fluid Thickness Index (FTI) was 
proposed in Chapter 9 as a concept model of how to combine important rheological parameters and 
weigh them according to their therapeutic influence to give a single relevant metric for the fluid’s 
effect in treating dysphagia.  
2) A methodology that could provide an objective complement to the Australian Fluid 
Thickness Standards and develop an equation to calculate the FTI was developed. 
In order to develop the appropriate weighting factors for parameters in the Fluid Thickness 
Index many different systems need to be studied to obtain the rheological parameters and correlate 
these with the therapeutic behaviour. In order to demonstrate this methodology, the task is 
simplified by assuming initially that only shear viscosity and yield stress of the fluid are considered 
in the FTI equation. These two parameters were initially selected because these parameters can 
easily and accurately be measured with a conventional rheometer. Additionally, it was shown that 
shear viscosity was the major factor used by clinicians in their judgement of therapeutic level, thus 
it was appropriate to include shear viscosity in the FTI equation. Since yield stress has been shown 
to be directly related to the shear viscosity of the fluid for a given system, and can therefore be 
estimated by measuring the shear viscosity of the fluid, given suitable (system dependent) 
calibration, the problem can be further simplified to the measurement of shear viscosity and 
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calculating this calibration factor. Therefore, the FTI ranges for thickened fluids that are clinically 
relevant can be developed using the clinical study methodology as performed in Chapter 7. It is 
probable that other important parameters, such as extensional viscosity and surface tension are also 
needed in the FTI equation. It is hypothesised that a similar scaling calibration could be used to 
incorporated these parameters. The ranges are goals for thickener manufacturers, to provide 
objective information, so that individuals with dysphagia will receive consistent thickened fluids.  
The methodology from Chapter 7 was demonstrated to be effective for xanthan gum based 
thickened water, where only shear viscosity was measured. These ranges have distinct ‘band gaps’ 
between thickness levels that would differentiate Level 150 to Level 400 and Level 400 to Level 
900. Additionally, these ranges have an upper limit on viscosity of thickened fluids as fluids that are 
‘too thick’ can potentially lead to an aspiration due to post-swallow residue. Different viscosity 
ranges for other types of thickeners need to be developed, which effectively would measure the 
differing effect of yield stress and other important parameters, and thus give the appropriate 
calibration parameters to convert viscosity to a FTI. This will allow fluids thickened with different 
types of thickener to be compared and judged against their fitness for the Australian Standards. It is 
hypothesised that the methodology developed in this study provides a mechanism to achieve this. 
3) A set of key design principles to develop a suitable measuring device for the application 
of dysphagia management was constructed.  
A suitable measuring device for the application of dysphagia management is essential to 
measure the thickness of thickened fluids. As discussed above, the properties of thickened fluids are 
dependent on both the thickener and the dispersing medium, and even if the manufacturers’ 
guidelines are followed fluids that are supposed to be of a particular thickness level may not be. 
Even with commercial ready-to-drink fluids, there is no guarantee that all products called for 
instance Level 150, are in fact that thickness level. Currently, the most accessible technique to 
measure the thickness of the fluid is the ‘fork test’, but this was shown to be unreliable (Chapter 7), 
as it does not provide sufficiently accurate results to distinguish fluids of different thickness levels.  
An evaluation of the parameter sensitivity and limitations of other simple available 
measuring devices (the Bostwick Consistometer, Line Spread Test and IDDSI flow test), showed 
that these were all unsuitable for measuring the FTI of thickened fluids as they either responded to 
different rheological parameters or lacked the necessary discrimination over the range of thickness 
levels used in dysphagia management (see Chapter 9). For instance, one of the limitations of the 
Bostwick Consistometer and the LST is that the measurement of these devices responded to the 
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rheological parameters (e.g. yield stress and surface tension) weighted in a different manner to the 
FTI. On the other hand, this study had showed that the IDDSI flow test is only suitable for lower 
viscosity fluids and discrimination falls as viscosity increases. Nevertheless, this technique 
responded to a clear rheological parameter (i.e. just shear viscosity) and since it was suggested that 
effect of other rheological parameters could be estimated from shear viscosity, the IDDSI flow test 
appears to be the most promising measuring technique. However, because of its limitation that is 
not able to measure all of the thickness levels that are used clinically for the management of 
dysphagia in Australia, this technique is not suitable.  
This targeted evaluation process allowed for the construction a set of key design principles 
for a suitable measuring device for thickened fluids as applicable to dysphagia management.  
Key Design Principles 
a) Only sensitive to shear viscosity, assuming that the effect of all other rheological parameters 
can be subsumed into a thickener and/or fluid dependent FTI scaling factor 
b) Able to discriminate the shear viscosity quantitatively  
c) The necessary pre-determined calibration factors can be obtained such that the device is 
suitable for all types of thickener/fluid systems 
d) Able to discriminate across the full range of thickness levels that are used clinically for the 
management of dysphagia in Australia 
e) Able to determine whether the fluid is within the relevant ranges for different thickness 
levels  
f) Affordable  
It is essential to have a quantitative measurement, rather than a qualitative measurement to 
avoid potential errors in subjective assessment, such as in the ‘fork test’ (as observed in Chapter 7). 
As mentioned previously, parameters such as yield stress and extensional viscosity are related to 
shear viscosity for the same type of thickener. Therefore, the device only needs to be sensitive to 
shear viscosity, with the effect of the other being taking into consideration by a system dependent 
scaling factor. It is hypothesised that a similar measuring device to IDSSI flow test, that does not 
rely on gravity to initiate the flow and instead has a pressure driving force would enable fluids of all 
thickness levels to flow in the device. The system dependent scaling could be incorporated by 
adjusting the pressure drive for each fluid/thickener system so that compliance with Australian 
National Standards could be determined directly by the range of results given by the device.  
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Finally, the device should be affordable and easy to operate for the application of dysphagia 
management. Therefore, the device should be able to be used by non-experts, such as people at 
home, just by following the instructions of the device.  
10.2 Future Work 
This work has resulted in a much better understanding of the rheology of thickened fluids 
for dysphagia sufferers. The most important outcome from this project is identification of key 
rheology features that inform the development of the design guidelines for a reliable, inexpensive 
measuring device to accurately measure the thickness of thickened fluids for the application of 
dysphagia management. However, there is still work to be done on the rheology of thickened fluids 
and the proposed measuring device.  
10.2.1 Rheology of Thickened Fluids 
Most of the rheological behaviour of thickened fluids in this project was performed on fluids 
thickened with Resource ThickenUp® Clear, which is a xanthan gum based thickener. This was 
appropriate because xanthan gum based thickeners are the most common commercial thickeners 
available in the Australian market due to their stability. However, future work should be done to 
extend the rheological characterisation of fluids thickened with guar gum and carrageenan based 
thickeners and hybrids of gums and starch (e.g. Karicare, Nutilis) - specifically, the effect of 
temperature, pH and fluid components (e.g. protein, fat and minerals) on the rheological parameters 
of thickened fluids, and observe the viscosity-yield stress relationship for use in calibrating the 
measuring device.  
10.2.2 Australian Fluid Thickness Standards 
Future work should be done to extend the clinical surveys to other types of thickener so that 
the effect of yield stress can be assessed. Other clinical work is needed to quantify the importance 
of other parameters, such as extensional viscosity. Subsequently, this will lead to the development 
of an equation for the Fluid Thickness Index (FTI) that can be used to judge compliance to 
standards.  
10.2.3 Proposed Measuring Device 
In addition to working on the theory of the rheology of thickened fluids, work must be done 
to construct a prototype of the suitable measuring device for thickened fluids suitable to the 
application of dysphagia management. Using the key design principles discussed in this work, a 
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simple and inexpensive objective measuring device to measure the thickness of thickened fluids 
could be developed. The most promising technique seems to be a modification of the current IDDSI 
flow test, with a calibrated pressure drive to ensure that all thickener/fluid combinations at all levels 
of appropriate standards can be tested for compliance.  
The proposed measuring device should be inexpensive and simple enough to be used by 
non-experts, such as people at home and in aged care carers and therefore make a positive and much 
needed contribution to the healthcare of many patients with dysphagia worldwide.  
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A.1. Water Hardness Comparison 
Brisbane tap water is considered as moderately hard water (~124 mg/L CaCO3). Preliminary 
experiments were conducted to compare the rheological behaviour between moderately hard 
thickened water and hard thickened water, Cambridge tap water (~322 mg/L CaCO3). The samples 
were thickened with 1.96% RTC and rheologically compared. Figure A.1 shows the steady shear 
measurement of thickened moderately hard water and thickened hard water. 
 
Figure A.1: Steady shear measurement of thickened moderately hard water and thickened hard water with 1.96% RTC 
	
Appendix	A:	Additional	Results	 
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A.2. Strain Amplitude Sweep 
A strain amplitude sweep test was performed to determine the Linear Viscoelastic Region 
(LVR) of the material. Figure A.2 shows a typical strain sweep of a thickened fluid over a range of 
strain amplitudes from 0.01 – 10 at oscillating frequency of 50 rad/s. The samples were thickened 
water at 2.4% RTC. It was observed that the LVR of the thickened fluid was up to strain amplitude 
of 0.1.  
 Figure A.2: Amplitude sweep test for thickened water at 2.4% RTC. Frequency 50 rad/s. 
 
A.3. Rheological Characterisation of Thickened Coca ColaTM with Precise Thick-N 
Precise Thick-N was used to thicken Coca ColaTM. It was important to keep the Coca 
ColaTM at low temperature to increase the carbon dioxide solubility. The samples were thickened to 
level 400 thickness level according to the Precise Thick-N recommended dosage (Table 3.2). Once 
the Coca ColaTM had been thickened, it was left overnight to let the carbon dioxide dissolve prior 
conducting the rheological tests. Figure A.3 shows the frequency sweep measurement of thickened 
Coca ColaTM and thickened water (from Chapter 3) with 7.70% Precise Thick-N.  
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Figure A.3: Viscosity profile of thickened Coca ColaTM & thickened water with 7.70% Precise Thick-N 
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A.4. Thickened Fluids with Different Dispersing Media 
Table A.1: Rheological properties of thickened fluids with different dispersing medium. Level 150 consistency. 
Dispersing 
medium Thickening time (min)a 
Oscillatory Steady Apparent yield stress 
(Pa) Complex viscosity at 50 rad/s (Pa.s) n 
Apparent viscosity at 
50 s-1 (Pa.s) n 
Water  2 0.28 ± 0.04 (C) 0.29 0.10 ± 0.01 (C) 0.20     1.56 ± 0.28 (B) 
Milk 15 0.30 ± 0.02 (C) 0.39     0.15 ± 0.02 (A,B) 0.23     2.76 ± 0.23 (A) 
Coffee 2 0.26 ± 0.03 (C) 0.29 0.09 ± 0.01 (C) 0.20     3.08 ± 0.15 (A) 
Beer 7 0.59 ± 0.04 (A) 0.19 0.19 ± 0.01 (A) 0.20     3.73 ± 0.78 (A) 
Wine 10 0.44 ± 0.03 (B) 0.28 0.17 ± 0.03 (A) 0.38     1.38 ± 0.36 (B) 
Orange Juice 7 0.48 ± 0.01 (B) 0.23 0.17 ± 0.01 (A) 0.27     3.71 ± 0.68 (A) 
Apple Juice 8 0.42 ± 0.06 (B) 0.23 0.13 ± 0.01 (B) 0.22     2.62 ± 0.50 (A) 
Note: ± values are 95% confidence interval. *Mean values that do not share a letter within a column are significantly different (p<0.05). aInclude approx. 1 min of loading time. 
 
Table A.2: Rheological properties of thickened fluids with different dispersing medium. Level 400 consistency. 
Dispersing 
medium Thickening time (min)a 
Oscillatory Steady Apparent yield stress 
(Pa) Complex viscosity at 50 rad/s (Pa.s) n 
Apparent viscosity at 
50 s-1 (Pa.s) n 
Water  2 0.63 ± 0.05 (D) 0.22 0.26 ± 0.01 (B) 0.10     6.41 ± 0.96 (D) 
Milk 17 0.92 ± 0.06 (C) 0.18 0.39 ± 0.02 (A) 0.14     11.3 ± 0.61 (B) 
Coffee 2 0.66 ± 0.01 (D) 0.18 0.24 ± 0.01 (B) 0.10     9.17 ± 0.32 (C) 
Beer 8 1.50 ± 0.03 (A) 0.13 0.36 ± 0.07 (A) 0.14     10.6 ± 1.45 (B,C) 
Wine 20 1.22 ± 0.06 (B) 0.25 0.35 ± 0.04 (A) 0.37     11.7 ± 0.61 (B) 
Orange Juice 8 1.28 ± 0.10 (B) 0.15 0.34 ± 0.10 (A) 0.14     14.8 ± 0.62 (A) 
Apple Juice 7 1.39 ± 0.06 (B) 0.15 0.34 ± 0.05 (A) 0.11     10.8 ± 0.20 (B) 
Note: ± values are 95% confidence interval. *Mean values that do not share a letter within a column are significantly different (p<0.05). aInclude approx. 1 min of loading time. 
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A.5. Rheology of Fresh & Long-life Milk 
Table A.3: Characteristics of the commercial long-life and full cream milk. Level 400 consistency. 
Composition of Milk per 100 mL Long-life Full Cream Fresh Full Cream 
Water (g) 88 88 
Carbohydrates (g)a 5.2 4.9 
Protein (g)b 3.3 3.6 
Fat (g) c 3.4 3.8 
Calcium (mg)d  120 123 
Mass of Thickener added (g) 2.1 2.1 
 
 
Figure A.4: Thickening behaviour of thickened fresh milk and thickened long-life milk at 2.4% thickener concentration. 
Frequency 50 rad/s and 0.1% strain 
 
A.6. Original Data for Bostwick Consistometer, LST and IDDSI Flow Test 
Eexperiment 
Table A.4: Fluid spread or remaining volume at different yield stress for Bostwick Consistometer, LST and IDDSI flow test 
 Level 150 Level 400 Level 900 
 Low YS High YS Low YS High YS Low YS High YS 
Bostwick (cm)a 20.5 ± 0.6 16.5 ± 0.2 9.9 ± 0.5 8.5 ± 0.3 5.7 ± 0.3 4.4 ± 0.1 
LST (cm)a   3.2 ± 0.1   2.9 ± 0.1 2.0 ± 0.1 1.9 ± 0.1 1.4 ± 0.1 1.2 ± 0.1 
IDDSI flow test (mL)b   8.1 ± 0.1   8.1 ± 0.1 - - - - 
Note: ± values are 95% confidence interval 
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Table A.5: Fluid spread or remaining volume at different surface tension for Bostwick Consistometer, LST and IDDSI flow 
test 
 Level 150 Level 400 
 Low ST High ST Low ST High ST 
Bostwick (cm)a 17.0 ± 0.3 16.5 ± 0.2 8.5 ± 0.2 8.5 ± 0.3 
LST (cm)a   3.3 ± 0.1   2.9 ± 0.1 2.3 ± 0.1 1.9 ± 0.1 
IDDSI flow test (mL)b   8.1 ± 0.1   8.0 ± 0.2 - - 
Note: ± values are 95% confidence interval 
 
 
